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SUMMARY
The work i s  aim ed a t  i n v e s t ig a t in g  th e  e f f e c t s  o f  charged
p a r t i c l e  ■bombardment on th e  p r e f e r e n t i a l  d e p o s i t io n  o f  th i n  f i lm s  so t h a t
know ledge may he g a in e d  re g a rd in g  th e  f e a s i b i l i t y  o f  1w ritin g *  in te r c o n n e c t io n
p a t t e r n s  w ith  programmed io n  beams*
Some th e o r ie s  o f  th i n  f i lm  n u c le a t io n  a re  rev iew ed  and com parisons
made betw een two re c e n t  m odels t h a t  show t h e i r  c o m p a t ib i l i ty  f o r  th e  l im i t e d
c o n d it io n  where th e  s ta b le  n u c le u s  c o n ta in s  two atoms*
N u c le a tio n  ex p erim en ts  in v o lv in g  s i l v e r  on s i l i c o n  ox ide  a r e
d e s c r ib e d  and th e  r e s u l t s  compare w e ll  w ith  th e o ry .  V a lu es  o f  s u r fa c e
energy  a re  d e r iv e d  and e s t im a te s  o f  fundam en ta l v ib r a t io n  f r e q u e n c ie s  made*
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(E ~0*3 eV E , ~ 0 .1  eV and v , and v o/iO sec ) •  C r i t i c a l  c o n d e n sa tio n
Q d  * *  C  .
ex perim en ts  a r e  d e s c r ib e d  t h a t  r e in f o r c e  th e  v a lu e  o f  E ^  o b ta in e d  by th e  
n u c le a t io n  s tu d ie s .
C a lc u la t io n s  o f  Ea  a re  made f o r  a v a r i e t y  o f  e lem en ts  on? s i l i c o n  
ox id e  and t h e i r  c o n d e n sa tio n  e n e rg ie s  a re  e s tim a te d  and c o n c lu s io n s  drawn 
r e g a rd in g  s u i ta b le  c o n d en sa te s  and d o p an ts  f o r  p r e f e r e n t i a l  d e p o s i t io n  
s e n s i t i z a t i o n .
D evelopm ent o f  an io n  sou rce  and s im p le  io n  o p t i c a l  system  f o r  
p r e f e r e n t i a l  d e p o s i t io n  s tu d ie s  i s  d e s c r ib e d  and r e s u l t s  o f  io n  energy  
sp read  m easurem ents a r e  g iv e n .
The t r a p p in g  p r o b a b i l i t i e s  o f  g o ld  io n s  in to  s i l i c o n  o x ide  a r e
v  -
m easured and com pared w ith  a t h e o r e t i c a l  m odel. T hese r e s u l t s  and f u r t h e r
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ex p erim en ts  a llo w  th e  minimum Ac io n  dose  f o r  in d u c in g  th e  p r e f e r e n t i a l  
d e p o s i t io n  o f s i l v e r  to  be e s ta b l i s h e d  over th e  energy  ran g e  70-350 eV.
A model i s  p roposed  b ased  on th r e e  d im en s io n a l c l u s t e r  fo rm a tio n  by e x te n d in g  
a lre a d y  d is c u s s e d  and v e r i f i e d  n u c le a t io n  th e o ry .  The c l u s t e r  fo rm a tio n  i s  
assumed to  ex ten d  to  th e  maximum ran g e  o f  th e  im p lan ted  io n s  and sem i- 
q u a n t i t a t iv e  agreem ent i s  found betw een t h i s  th e o ry  and e x p e rim e n t.
F in a l ly  some ex p erim en ts  a re  d e s c r ib e d  in  w hich e le c t r o n s  a re  
shown to  prom ote p r e f e r e n t i a l  deposition  0n p u re  SiO^ b u t  n o t  on e v a p o ra te d  
SiO . A q u a l i t a t i v e  model b a sed  on th e  e x is te n c e  o f  n e u t r a l  t r a p s  i s  
p ro p o sed  to  acco u n t f o r  th e  r e s u l t s .
I t  i s  concluded  t h a t  p ro v id in g  s u i ta b le  io n  o p t i c s  can be developed  
th e  p ro c e s s  o f  ’w ritin g *  in te r c o n n e c t io n  p a t t e r n s  i s  f e a s i b l e .
A ppendices d e a l  w ith  a b o r t iv e  co n d en sa tio n  energy  m easurem ents, 
e x te n s io n  o f  d a ta  o b ta in e d  to  f o r e c a s t  th e  h ig h  energy  im p la n te d  d o ses  
r e q u ir e d  f o r  p r e f e r e n t i a l  d e p o s i t io n  and th e  e f f e c t s  o f  io n  bombardment on 
t h i n  f i lm  ad h e s io n .
ACKNOWLEDGEMENTS 
The w r i t e r  w ishes to  th a n k  h is  i n d u s t r i a l  s u p e rv is o r  
Dr L E C o l l in s  and h i s  U n iv e rs i ty  s u p e r v is o r ,  Dr K G S tep h en s  f o r  t h e i r  
a d v ic e  th ro u g h o u t th e  r e s e a r c h  and t h e i r  v a lu a b le  su g g e s tio n s  d u r in g  th e  
p r e p a r a t io n  o f  t h i s  t h e s i s ,
/
He a l s o  w ishes to  acknow ledge v a lu a b le  d is c u s s io n s  w ith  th e  
fo l lo w in g , P R C S te v e n s , J  G P e r k in s ,  Dr A C D oug las, F R P o n t e t t ,
P A 0*C o n n ell and A W T in s le y ,  Thanks a re  a ls o  due to  M iss H elen  L in d say  
f o r  h e r  p a t i e n t  and e x p e r t u se  o f  th e  e le c t r o n  m icroscope and to  
T D J  Cameron f o r  p ro d u c in g  th e  e l e c t r o n i c s  f o r  th e  Mk 2 v ib r a t i n g  c o n ta c t  
a rc  s o u rc e . The w r i t e r  a l s o  acknow ledges Mr G C Goode f o r  o rg a n is in g  th e  
n e u tro n  a c t iv a t io n  work.
The w r i t e r  i s  in d e b te d  t o  Dr B r ia n  Chapman f o r  p r e - p u b l i c a t io n  
in fo rm a tio n  re g a rd in g  h i s  n u c le a t io n  th e o ry  and Mr Graham B ra c k le y  f o r  
d is c u s s in g  h i s  ch arg e  v e rs u s  n u c le a t io n  d e n s i ty  r e s u l t s .
F in a l ly  he th a n k s  th e  management o f  AWRE, e s p e c i a l l y  Dr R B a tc h e lo r ,  
Dr H R Hulme and Mr J  J  M cE nhill f o r  t h e i r  p e rm is s io n  to  subm it th e  r e s e a r c h  
f o r  a h ig h e r  d e g re e , M iss Jo y -C re e s  f o r  ty p in g  th e  m a n u sc rip t and h i s  w ife  
Susan f o r  h e r  encouragem ent and p a t ie n c e .
■4
LIST OF SYMBOLS 
CHAPTER I I
Ta  -  Mean s u r fa c e  s ta y  tim e  o f  an ad so rb ed  atom
-  Mean a d s o rb tio n  s i t e  s ta y  tim e o f  an ad so rb ed  atom
v0 -  Fundam ental freq u en cy  a s s o c ia te d  w ith  s u r f a c e  a d s o rb tio n
v, -  F undam ental freq u en cy  a s s o c ia te d  w ith  s u r fa c e  d i f f u s io n
Ea -  S u rfa c e  a d s o rb tio n  energy  ,
E ^  -  S u rfa c e  d i f f u s io n  energy
E c -  C ondensa tion  energy
E ^ -  D oublet bond energy
Ei* -  E nergy  o f  i n t e r a c t i o n  betw een a c r i t i c a l  n u c le u s  and a
s in g le  atom
T -  S u b s tr a te  te m p e ra tu re
M . -  Number o f  s i t e s  v i s i t e d  by an a d -a to n  p r i o r  to  d e s o rb tio n
v  -  Number o f  s i t e s  v i s i t e d  p e r  second by  an ad-atom
Nc -  The s u r fa c e  d e n s i ty  o f  a d s o rb tio n  s i t e s
g & g ' -  The s a tu r a t io n  s u r fa c e  d e n s i ty  o f  s t a b l e  c l u s t e r s
Sdfc M i
g^ ~ The in s ta n ta n e o u s  s u r fa c e  d e n s i ty  o f  s t a b l e  c l u s t e r s
g,^ -  The in s ta n ta n e o u s  s u r fa c e  d e n s i ty  o f  c r i t i c a l  c l u s t e r s
q -  The a tom ic a r r i v a l  r a t e  o f  vapour
w -  The c a p tu re  r a t e  o f  s ta b le  n u c le i
*i  -  The number o f  atoms in  a c r i t i c a l  n u c le u s
n , -  The in s ta n ta n e o u s  s u r fa c e  d e n s i ty  o f  s in g le  atoms
n* ■ ~ The in s ta n ta n e o u s  s u r fa c e  d e n s i ty  o f  c l u s t e r s  c o n ta in in g
i  atoms
-  A f a c t o r  g o v ern in g  c o l l i s i o n s  betw een s in g le  atom s and 
c l u s t e r s  c o n ta in in g  i  atom s
a 0 -  An atom ic d ia m e te r
t  -  The d e p o s i t io n  d u ra t io n  secs
y ~ The f r a c t i o n a l  n u c le a t io n  r a t e
5
CHAPTER IV
(i -  D ip o le  moment
a  -  Atomic o r  m o le c u la r  p o l a r i z i b i l i t y
F -  E l e c t r i c  f i e l d
e -  E le c t r o n ic  charge
m -  E le c t r o n ic  mass
vc -  F requency  c h a r a c t e r i s t i c  o f  an atom
E^ -  F i r s t  io n i z a t io n  p o t e n t i a l  o f  a n e u t r a l  atom
r  -  Atomic s e p a ra t io n
X ~ D iam agnetic  s u s c e p t i b i l i t y
E ( r )  -  I n t e r a c t i o n  energy  betw een two atoms
E^ . -  I n t e r a c t i o n  energy  betw een an atom and s u r fa c e  c o n ta in in g
i  atoms
E (r6 ) — I n t e r a c t i o n  energy  betw een an ad-atom  and s u r fa c e
p -  Volume atom ic  d e n s i ty  o f  s u b s t r a te  atoms
cr -  A rea a tom ic  d e n s i ty  o f  s u b s t r a te  atoms
z -  Atomic number
T.x « T em perature  a t  w hich th e  s ta b le  n u c le u s  changes from  a
t r i p l e t  to  a d o u b le t
CHAPTER VI
E^ -  Io n  energy
T} ~ F r a c t io n  o f  in c id e n t  io n s  tra p p e d  i n  a s o l id
r /  -  R a tio  o f  tra p p e d  atom s to  in c id e n t  e l e c t r o n i c  c h a rg e
6 -  L a t t i c e  c o n s ta n t
m, -  P r o j e c t i l e  mass
mi -  T a rg e t mass
U (r) ~ I n t e r a c t i o n  energy  betw een c o l l id in g  atom s
b — R adius o f  c lo s e s t  app ro ach  in  an e l a s t i c  c o l l i s i o n
A, a -  Bora-M ayer energy  c o n s ta n ts
X -  D is ta n c e  “between oxygen atoms in  s i l i c a
R -  F r a c t io n  o f  s u r fa c e  covered  “by f i lm
q fa -  A r r iv a l  r a t e  o f b a c k s c a t te r e d  atoms
j c, -  Io n  c u r r e n t  d e n s i ty
-  F r a c t io n  o f  io n s  b a c k s c a t te re d  
t  -  D e p o s itio n  tim e f o r  t r a n s i t i o n  from re - e v a p o ra t io n  to
c a p tu re  dom in a tin g  th e  s in g le  atom p o p u la tio n
** C lu s te r  d e n s i ty  a t  v/hich t r a n s i t i o n  from r e - e v a p o ra t io n  to  
c a p tu re  dom inates th e  s in g le  atom p o p u la t io n
P (x ) -  P r o b a b i l i ty  t h a t  an atom w a ll p e n e t r a te  x  a tom ic  la y e r s
x -  Mean ran g e  o f  p r o j e c t i l e s  in  atom ic l a y e r s
x m -  Maximum ran g e  o f  p r o j e c t i l e s  in  a tom ic la y e r s
q ^  -  A r r iv a l  r a t e  p e r  u n i t  volum e o f  p r o j e c t i l e s  in t o  s u b s t r a te
n , -  Volume d e n s i ty  o f  s in g le  atoms
v* -  F undam ental freq u en cy  a s s o c ia te d  w ith  volume a tom ic  d i f f u s io n
I
Ecj -  Volume atom ic d i f f u s io n  energy
g*v -  C lu s te r  d e n s i ty  p e r  u n i t  volume
CHAPTER V II
6 -  S econdary  e le c t r o n  c o e f f i c i e n t
E -  E l e c t r i c  i n t e n s i t y
Q -  S u rfa c e  ch a rg e  d e n s i ty
£ -  D ie l e c t r i c  c o n s ta n t
<f> -  L o ca l s u r fa c e  a d s o rb tio n  energy  due to  ch a rg e d  s i t e
7
CONTENTS
PACE
Summary
Acknowledgements 
o f  sy b b o ls  
CHAPTER I  GENERAL INTRODUCTION
1.1 B r ie f  Summary o f  th e  Background to  th e  
P r o je c t
1 .2  Aims o f  th e  P r o je c t
1 .3  Summary o f  C o n ten t
CHAPTER I I  REVIEW AND COMPARISON OF SOME NUCLEATION THEORIES
2.1 The Im portance  o f  N u c le a tio n  T heory  i n  th e  ) 
P re s e n t  Yfork J 20
2 .2
2 .3
2 .4
2 .5  
th e  Theory
CHAPTER I I I  NUCLEATION AND CRITICAL CONDENSATION PHENOMENA OF 
SILVER ON SILICON OXIDE
3.1  I n t r o d u c t io n
3 .1 .1  C hoice o f  s u b s t r a te  and co n d en sa te  37
3 .1 .2  C hoice o f  p a ra m e te rs  f o r  s tu d y  38
3*2 E x p e rim e n ta l A p p ara tu s  
3*2.1 Vacuum system
3 .2 .2  S u b s tr a te  assem bly  f0 r nt,dea|-ion SU clies 
3*2 .3  M o d if ic a tio n  o f  s u b s t r a te  assem bly  f o r  
c r i t i c a l  co n d en sa tio n  ex p erim en ts  41
3 * 2 .4  E v a p o ra tio n  so u rces  44
A Q u a l i ta t iv e  D e s c r ip t io n  o f  th e  Phenomena )
)
2 .2 .1  The b eh a v io u r o f  a s in g le  ad so rb ed  atom)
2 .2 .2  The b eh a v io u r o f  a number o f  atom s V
in c id e n t  s im u lta n e o u s ly  on a s u r fa c e  ) 23
2 .2 .3  Two ap p ro ach es  to  n u c le a t io n  th e o ry ,  
c a p i l l i a r i t y  v e rs u s  a to m is t ic
Q u a n t i ta t iv e  T h e o rie s  o f  N u c le a tio n
2 .3 .1  The F re n k e l  (1924) th e o ry  24
2 .3 .2  The Lew is-C am pbell ( 1 967) th e o ry  25
2 .3 .3  The Z in sm e is te r  ( 1968) th e o ry  27
2 .3 .4  The Chapm an-Jordan (1 969) th e o ry  29
Com parison o f  T h e o r e t ic a l  P r e d ic t io n s  30
The S ta tu s  o f  E x p e rim e n ta l V e r i f i c a t i o n  o f  35
14
16
17
8
PAG-E
3*3 E x p e rim e n ta l Method
3*3*1 S u b s tr a te  p r e p a r a t io n  f o r  n u c le a t io n  44
experim en ts
3*3*2 C lu s te r  d e n s i ty  v e rs u s  s u b s t r a t e  )
te m p e ra tu re  m easurem ents ) 46
3*3*2,1 P re lim in a ry  ex p erim en ts  )
3 .3*2*2 E x p e rim e n ta l method u sed  48
f o r  m easurem ents
3*3*3 C lu s te r  d e n s i ty  v e rs u s  d e p o s i t io n  )
d u ra t io n  ) 51
3*3*4 The c r i t i c a l  c o n d e n sa tio n  ex p erim en ts  )
3*4 E x p e rim e n ta l R e s u lts  and D isc u ss io n
3*4*1 C lu s te r  d e n s i ty .v e r s u s  s u b s t r a te  ^
te m p e ra tu re
3 .4 * 2  C lu s te r  d e n s i ty  v e rsu s  d e p o s i t io n
d u ra t io n
3*4*2.1 H igh te m p e ra tu re  re g io n
3 .4 .2 .2  Low te m p e ra tu re  re g io n
57
3 .4*3  Summary o f  n u c le a t io n  r e s u l t s  60
3 * 4 .4  C r i t i c a l  c o n d e n sa tio n  r e s u l t s  and 61
d is c u s s io n
3 .5  C o n c lu sio n s  63
CHAPTER IV ADSORPTION AND CONDENSATION ENERGY CALCULATIONS
4 .1  D is p e rs io n  E o rces
4*1*1 E v id en ce  o f  d is p e r s io n  fo rc e s  betw een )
th i n  f ilm s  and g la s s y  s u b s t r a te s  )
4 * 1 .2  ' Q u a n ti ta t iv e ;  e x p re s s io n s  f o r  d is p e r s io n  ) 65
f o rc e s
4*1*2.1 P o l a r i z a b i l i t y  
4*1*2 .2  The London d is p e r s io n  i n t e r -  66
a c t io n  e q u a tio n
4*1*2.3  The Kirkwood M u lle r  e q u a tio n  
(1936)
4 .1 .2 .4  R e p u ls iv e  i n t e r a c t i o n  ) 67
4*1*2 .5  I n t e r a c t i o n s  betw een ad  atom s 
and s u r fa c e s
9
4*2 C a lc u la t io n s  o f  E f o r  Ad atom s on S i l i c a  
G la s s
4*2,1 The B enjam in Weaver (1959) approach  
4 * 2 ,2  The Chapman (1969) approach  
4*2o3 C a lc u la t io n s  o f  E^ f o r  th e  p r e s e n t  
p r o j e c t
4*2.3*1 The s u r fa c e
4 * 2 ,3 .2  C hoice o f  a d so rb e n t e lem en ts  )
f o r  c a l c u la t io n s  )
4*2 ,3*3  N um erical c a l c u la t io n s  o f  )
Eg f o r  v a r io u s  e lem en ts )
4*3 C a lc u la t io n s  o f  E and T .* _ . 9
C  «L •“* I Cm
4*4 C o n c lu sio n s
CHAPTER V THE CHARGED PARTICLE/VAPOUR DEPOSITION APPARATUS
5*1 I n t r o d u c t io n  
5*2 The Io n  Source
5*2,1 C hoice o f  so u rc e  
5*2 .2  The v ib r a t in g  c o n ta c t  a rc  io n  so u rc e
5*2 ,2 ,1  D e s c r ip t io n  o f  th e  Mk 1 VCAS 
5 * 2 ,2 .2  Mass a n a ly s i s  d e te rm in a tio n s
5 .2 .2 .3  Some s u g g e s tio n s  re g a rd in g  
th e  o p e ra tin g  mechanisms o f  th e  so u rc e
5 .2 .2 .4  The Mk 2 VCAS
5*3 In c o rp o ra t io n  o f  th e  Mk 2 VCAS in to  E x i s t in g  
D e p o s itio n  A ppara tu s
5*4 Summary o f T y p ic a l O p era tin g  C o n d itio n s
CHAPTER VI THE EFFECTS OF LOW ENERGY IMPLANTED HEAVY IONS ON 
THE PREFERENTIAL DEPOSITION OF SILVER ON SILICON 
OXIDE
6.1 In tro d u c t io n
6 .2  D e te rm in a tio n  o f  Ion  E nergy S pread  j
6 .2 .1  E x p e rim e n ta l method )
6 .2 .2  E x p e rim e n ta l r e s u l t s  ^
6 .2 .2 .1  G old io n s  <
6 .2 .2 .2  Copper and cadmium io n s  \
6 .3  T rapp ing  p r o b a b i l i t i e s
6.3*1 E x p e rim en ta l method
6 .3*2  E x p e rim e n ta l r e s u l t s
PAGE
69
70
71
72
74
76
79
80
81
84
86
87
89
93
95
96
99
99
103
10
PAGE
6 .3 .2 .1  Gold io n s  
6 .3 * 2 .2  Cadmium io n s  
6 .3 * 2 .3  Copper io n s
103
106
108
6.3*3 D is c u s s io n  o f  tr a p p in g  r e s u l t s  f o r  109
g o ld
dependance f o r  p r e f e r e n t i a l  
d e p o s i t io n  a t  73 eV 
6 .4 * 2 .1 .3  S tudy  o f  e a r ly  120
n u c le a t io n  o f  p r e f e r e n t i a l  
d e p o s i te d  f i lm s
6 .4 * 2 .2 .1  Minimum dose  v e rsu s  
energy  f o r  p r e f e r e n t i a l  
dependance
6 .4 * 2 .3  E f f e c t s  o f  cadmium im p la n ta
6 .4 * 2 .4  E f f e c t s  o f  cc«rbon io n  
im p la n ta t io n
6.4*3  D isc u ss io n
6 ,4 .3 * 1  P o s s ib le  mechanism in v o lv e d  i n  123 
th e  s e n s i t i z a t i o n  p ro c e s s
6*4.3*1*1 N e c e ssa ry  d e n s i ty  o f  124 
s t a b l e  n u c l e i  f o r  o b se rv ed  
coverage  o f  s u b s t r a te  
6 .4 .3 * 1 .2  R e le v a n t p ro c e s s e s  
o c c u rr in g  d u r in g  io n  bom bard- 126 
ment
6 .4 .3 * 1 * 3  The b a c k s c a t te r in g  127
model
6.4*3*1 *4 The volume c l u s t e r  129
fo rm a tio n  m odel
6 .4 .3 * 2  C a lc u la t io n  o f  c l u s t e r  d e n s i ty  135 
form ed d u r in g  io n  dose ex p erim en ts
6 .4  P r e f e r e n t i a l  S i lv e r  F ilm  D e p o s itio n  due to  
Heavy Io n  Im p la n ta t io n
6.4*1 E x p e rim e n ta l method 
6 .4 * 2  E x p e rim en ta l r e s u l t s
6 .4 * 2 .1  E f f e c t s  o f  Au im p la n ta tio n
6 .4 * 2 .1 .1  Minimum d ose  v e r  
energy  f o r  p r e f e r e n t i a l  
d e p o s i t io n
6 .4 * 2 .1 .2  Minimum dose  r a t e  119
6 .4 * 2 .2  E f f e c ts  o f  Cu io n  im p la n ta t io n  )
t i o n
6 .5  Summary and C o n c lu sio n s 137
PAGE
CHAPTER V II  SOME EFFECTS OF ELECTRON BOMBARDMENT ON PREFERENTIAL 
DEPOSITION
CHAPTER V II I
7*1 In tro d u c t io n
7*2 Q u a l i ta t iv e  Id e a s  le a d in g  to  th e  E x p e rim e n ta l 
A rrangem ents 
7*3 E x p e rim en ta l
7*3*1 A p p ara tu s  
7*3*2 Method
7*3*3 E x p e rim en ta l r e s u l t s
7*3*3*1 R e s u l ts  w ith  s i l i c a  
7 .3*3*2  R e s u l ts  w ith  fre sh ly - 
e v a p o ra te d  s i l i c o n  ox ide
7*4 D isc u ss io n
7*4*1 Summary o f  o b s e rv a tio n s  
7*4*2 Q u a l i t a t i v e  e x p la n a tio n  
7*4*3 Enhanced su r fa c e  d i f f u s io n  energy  a t  
p o s i t i v e  s i t e s
7*5 C o n c lu sio n s
OVERALL CONCLUSIONS
8*1 S c i e n t i f i c  C o n ten t
8.1*1 N u c le a tio n  th e o ry
8 .1 .2  N u c le a tio n  and co n d e n sa tio n  ex p e rim en ts)  
8 .1*3 S u rfa c e  io n  im p la n ta t io n  e f f e c t s  on 
co n d e n sa tio n
8 .1-.4  E le c t ro n  bombardment e f f e c t s  on 
co n d en sa tio n
8 .2  T e c h n o lo g ic a l C o n ten t
8.2*1 In te r c o n n e c t io n  fo rm a tio n
8 .2 .2  O th e r in fo rm a tio n  g a in ed  o u ts id e  th e  
main o b je c t iv e s
8 .3  F in a l  Comments
139
j  142
j  144
145
147
149
153 
156
158
159
160
161
161
APPENDICES
A1 C ondensation  E nergy  M easured by th e  B enjam in 
W eaver (1959) Method
A1.1 E x p e rim en ta l
A 1.1.1 A p p ara tu s  and method 
A 1 .1 .2  R e s u l ts  and d is c u s s io n
A1.2  C o n c lu sio n s
163
165
166
VL
+A2 P r e d ic t io n s  o f  Pose o f  H ig h er E n e rg y , Au io n s  168
a b le  to  Prom ote P r e f e r e n t ia l .  depos'iHon 
A3 R e c o il  Atom Im p la n ta t io n  and i t s  E f f e c t s  on ) 
th e  A dhesion o f  th i n  f i lm s 171
A3.1 I n t r o d u c t io n
A 3.2 The enhancem ent o f  alum inium  to  g la s s  ) 
ad h es io n  by means o f  e n e rg e t ic  a rg o n  io n  }172
bombardment )
A 3.2 .1  E x p e rim en ta l method 173
A 3 .2 .2  E x p e rim e n ta l r e s u l t s
A3.3 D isc u ss io n  o f  a d h es io n  r e s u l t s  )]'J6
A 3.4 The th e o ry  o f  r e c o i l  atom im p la n ta t io n  )
A3.4*1 The N elson  ( 19^9) th e o ry
A 3 .4 .2  S a tu r a t io n  th e o ry  f o r  r e c o i l  179
atom im p la n ta t io n
A 3.5 E x p e rim e n ta l m easurem ents o f  r e c o i l  atom  )-|82
im p lan ted  dose
A 3•5•i Method 
A 3 .5 .2  R e s u l ts  183
A 3.6 T e c h n o lo g ic a l a p p l ic a t io n s  187
PUBLICATIONS 190
REFERENCES 191
CHAPTER I  
G-eneral I n t r o d u c t io n  
1*1 B r ie f  Summary o f  th e  Background to  th e  P r o je c t
In  r e c e n t  y e a rs  much r e s e a r c h  h as  gone in to  i n v e s t i g a t in g  io n  
im p la n ta t io n  a s  an a l t e r n a t i v e  te c h n iq u e  to  d i f f u s io n  f o r  d o p in g  c r y s t a l l i n e  
se m i-c o n d u c to rs . The te c h n iq u e  i s  v e ry  a t t r a c t i v e  b ecau se  i t  o f f e r s  th e  
p o s s i b i l i t y  o f  a c c u r a te ly  c o n t r o l l i n g  b o th  th e  im p u r ity  dose  and  i t s  d ep th  
p r o f i l e .  The co m p lex ity  o f  io n  im p la n ta t io n  m achines h as  le d  t o  th e  o p in io n  
t h a t  c a p i t a l  c o s ts  a r e  l i k e l y  t o  rem ain  h ig h  f o r  th e  fo r e s e e a b le  f u t u r e ,  see  
Freeman (1 9 7 0 ) , so r e a l l y  e f f i c i e n t  u se  o f  f a c i l i t i e s  m ust be  o f  p rim e 
im p o rtan ce .
I t  was r e a l i s e d  t h a t  e f f i c i e n t  u se  o f  a c c e le r a to r  f a c i l i t i e s  co u ld  
o n ly  be f u l l y  ob ta ined , i f  th e  m achines c o u ld  be employed i n  th e  p ro d u c tio n  o f  
commonly u sed  p a s s iv e  com ponents a s  w e ll  a s  th e  c o n v e n t io n a l a c t iv e  d e v ic e s .  
T h e re fo re  i t  was w ith  t h i s  f a c t  i n  mind t h a t  th e  c o l la b o r a t iv e  r e s e a r c h  
programme betw een AT/RE and th e  U n iv e r s i ty  o f  S u rre y  was fo rm u la te d .
I t  i s  u s u a l  t h a t  m ost o f  th e  p a s s iv e  e lem en ts  o f  m ic ro e le c t ro n ic  
c i r c u i t s  a re  p roduced  by th in  f i lm  d e p o s i t io n  so a m erging o f  t h i n  f i lm s  and 
io n  im p la n ta tio n  was th e r e f o r e  n a t u r a l  and c o n se q u e n tly  i s  b a s ic  to  th e  
programme. R esea rc h  was c o n c e n tra te d  a long  two main l i n e s ,  and  in v o lv e d  th e  
fo rm a tio n  and s tu d y  o f  t h in  f i lm  r e s i s t i v e  e lem en ts  and an i n v e s t i g a t io n  o f  
th e  f e a s i b i l i t y  o f  em ploying io n  im p la n ta tio n  to  th e  fo rm a tio n  o f  in te rc o n n e c -  
t i o n s .
The w r i te r * s  c o lle a g u e  P A  0*C onnell h a s ,s tu d ie d  th e  fo rm a tio n  o f  
th i n  r e s i s t i v e  f i lm s  by im p la n tin g  oxygen io n s  i n to  alum inium  to  p ro d u ce  a  
complex cerm et s t r u c t u r e .  T h is  com prehensive s tu d y  fo llo w e d  an e a r l i e r  
c u rso ry  i n v e s t ig a t io n  by C o ll in s  e t  a l  ( 1968) and C o l l in s  & Richmond (1970)* 
p r \V ( \i£  CoMrAOOtca-fcionS
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J  G P e rk in s  h a s  s tu d ie d  th e  more fundam ental a s p e c ts  o f  e l e c t r i c a l  co n d u c tio n
"both in  A l, A lx  0^ s t r u c tu r e s  and in  A l,  T i i n  S iO ' cerm ets  form ed by r e c o i l
atom im p la n ta t io n ,  see  P e rk in s  & S tro u d  (1970 >1^69 ) P e rk in s  & C o l l in s  (1970
if
and P e rk in s  (1 9 7 0 , a ,  b ) , The r e s u l t s  o f  b o th  s tu d ie s  show t h a t  io n  
im p la n ta t io n  a llo w s  th e  fo rm a tio n  o f  s t r u c tu r e s  w ith  ex tre m ely  r e p ro d u c ib le  
e l e c t r i c a l  c h a r a c t e r i s t i c s  and g e n e r a l ly  a f f o r d s  b e t t e r  c o n t r o l  th a n  o th e r  
e s ta b l is h e d  te c h n iq u e s .
The p r e s e n t  p r o je c t  was d e v ise d  to  i n v e s t ig a t e  in  p a r t  th e  
f e a s i b i l i t y  o f  em ploying io n  im p la n ta t io n  i n  th e  fo rm a tio n  o f  t h i n  f i lm  
in te r c o n n e c t io n s .  C o n v en tio n a l m ethods o f  in te r c o n n e c t io n  fo rm a tio n  r e l y  on 
m e ta l l ic  d e p o s i t io n  th ro u g h  f in e  and o f te n  complex m asks. T hese  masks a re  
ex p en siv e  to  p ro d u ce  and a re  i n f l e x i b l e  b eca u se  each  c o n f ig u ra t io n  i s  
m anufactu red  f o r  a s p e c i f i c  c i r c u i t .  I n  p r i n c i p l e  a ch arg ed  p a r t i c l e  beam may 
be fo cu ssed  to  v e ry  f in e  s iz e  and a c c u r a te ly  scanned  in  two d im en s io n s  and so 
may be cau sed  to  t r a c e  i n t r i c a t e  p a t t e r n s .  I t  was r e a l i s e d  t h a t  i f  such  a  
mechanism c o u ld  be  employed i n  some way to  t r a c e  ou t an in te r c o n n e c t io n  
p a t t e r n  th e n  masks co u ld  be d isp e n se d  w ith .
I t  was e v id e n t t h a t  two main prob lem s needed  i n v e s t i g a t i o n ,  one 
concerned  w ith  th e  p r e c i s io n  io n  o p t ic s  and a l l i e d  beam scan  program m ing 
and th e  o th e r  co n ce rn in g  th e  f e a s i b i l i t y  o f  e f f e c t in g  th e  l o c a l  c o n d e n sa tio n  
o f  a co n d u c tin g  f i lm  by io n  im p la n ta t io n .  T h is  d i s s e r t a t i o n  d e a l s  o n ly  w ith  
th e  l a t t e r  i n v e s t ig a t io n  and no a t te m p t h a s  been  made to  s o lv e  th e  p rob lem s 
a s s o c ia te d  w ith  th e  io n  o p t i c s .
T here  e x is te d  some background work o f  i n t e r e s t  a t  th e  b e g in n in g  
o f  th e  p r o j e c t ,  f o r  exam ple th e  work o f  Probyn ( 1968) .
^  • p>rivc\l€. ^ to  . he. bh $ A  e .d  )
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He b u i l t  an io n  so u rce  c a p a b le  o f  p ro d u c in g  chromium io n s  w ith  a 
c u r r e n t  d e n s i ty  o f  800 p/} cm and in te n d e d  to  d e p o s i t  e n t i r e  t h i n  f i lm  
r e s i s t o r s  from th e  io n iz e d  s t a t e .  The K aspau ls  (19^3) showed t h a t  sm a ll 
d o ses  o f  low energy  io n s  and e l e c t r o n s  co u ld  b e  used  to  s e n s i t i z e  a d i e l e c t r i c  
s u r fa c e  and t h a t  su b se q u e n tly  a z in c  f i lm  co u ld  be made to  condense on ly  where 
th e  s u r fa c e  had been  bom barded.
A t AV/RE, C o l l in s  ( P r iv a te  Communication 19&7) p o in te d  o u t t h a t  i f  
low energy  io n  bombardment s e n s i t i z a t i o n  c o u ld  be made to  work w ith  e lem en ts  
o f  h ig h  c o n d u c t iv i ty  th e n  th e  method had many ad v an tag es  ov er P ro b y n f s. 
method f o r  d e p o s i t in g  in te r c o n n e c t io n s .  F o r  example P robyn had found t h a t  
above 500 eV th e  s e l f  s p u t te r in g  o f  chromium io n s  l im i te d  th e  f i lm  d e p o s i t io n  
and a t  1 keV th e re  was no ev id en ce  o f  chromium d e p o s i t io n  b u t  ev id en ce  o f  
in te n s e  s u b s t r a te  damage due to  s p u t t e r in g .
The K aspau l*s  (19&3) method o b v io u s ly  depended on in d u c in g  
p r e f e r e n t i a l  n u c le a t io n  s i t e s  so t h a t  th e  z in c  v apou r condensed  more e a s i l y  
w here th e  s u b s t r a te  had been s e n s i t i z e d .  I f  d ev eloped  p r a c t i c a l l y ,  th e  
in te r c o n n e c t io n  p a t t e r n  co u ld  be drawn v e ry  q u ic k ly  b ecau se  o n ly  e x tre m e ly  
low doses would be re q u ir e d  ( l e s s  th a n  1 m onolayer e q u iv a le n t)  and th e  
c o n d u c tin g  f i lm  c o u ld  be q u ic k ly  d e p o s ite d  b ecau se  o f  th e  ea se  o f  o b ta in in g  
h ig h  atom a r r i v a l  r a t e s  in  th e  v ap o u r p h a se .
Some p re lim in a ry  ex p erim en ts  a t  AvRE by P o n te t t  & G-obbett 
( P r iv a te  Communication 19&7) showed th a t  g la s s  s u r fa c e s  im p la n te d  w ith  q u i te  
h ig h  energy  (10 keV) copper and b o ron  io n s  p r e f e r e n t i a l l y  a c c e p te d  z in c  
d e p o s i t s .  The p r o je c t  d e s c r ib e d  below  was evo lved  to  s tu d y  th e  e f f e c t s  o f  
low energy  m e ta l io n s  and e le c t r o n s  on th e  p r e f e r e n t i a l  d e p o s i t io n  o f  a h ig h ly  
co n d u c tin g  e lem en t.
1*2 Aims o f  th e  P r o je c t
The o v e r a l l  aim s w ere a s  fo llo w s :
IG
( i )  To f in d  a t  l e a s t  one e le m e n t.w ith  p r o p e r t i e s  o f  h ig h  
e l e c t r i c a l  c o n d u c t iv i ty  t h a t  would f a i l  to  condense on a d i e l e c t r i c  
above some e a s i l y  o b ta in a b le  s u b s t r a t e  te m p e ra tu re  .when d e p o s ite d  
a t  a  p r a c t i c a l l y  a c c e p ta b le  atom ic  a r r i v a l  r a t e .
( i i )  To e s t a b l i s h  which e lem en ts  when io n  im p la n te d  in t o  th e  
s u b s t r a t e  in  low d o s e s ,  cau se  th e  h ig h  co n d u c tin g  c o n d e n sa te  to  
condense p r e f e r e n t i a l l y ,
( i i i )  To e s t a b l i s h  th e  im p o r ta n t p ro c e s se s  in v o lv e d  in  p rom oting  
p r e f e r e n t i a l  d e p o s i t io n ,  i e  w h eth er th e  im p la n te d  elem ent m ust 
p roduce  c o n v e n tio n a l s t a b l e  n u c le i  to  c a p tu re  th e  a r r iv i n g  
co n d en sa te  atom s o r  w hether s u r fa c e  damage due to  s p u t te r in g  c o u ld  
form p r e f e r e n t i a l  c a p tu re  s i t e s ,
( iv )  To e s t a b l i s h  th e  optimum dose o f  im p lan ted  io n s  f o r  su b seq u en t 
p r e f e r e n t i a l  d e p o s i t io n  and f in d  th e  e f f e c t s  o f  io n  en e rg y ,
(v ) To f o r e c a s t  o th e r  c o n d en sa te s  and d opan ts  s u i t a b l e  f o r  th e  
p ro c e s s ,
(v i)  To s tu d y  th e  e f f e c t s  o f  e le c t r o n  bombardment on p r e f e r e n t i a l  
d e p o s i t io n ,
( v i i )  To develop  q u a l i t a t i v e  o r  s e m i- q u a n t i ta t iv e  m odels to  a cc o u n t 
f o r  th e  phenomena o b se rv ed .
I t  can be seen  from  t h i s  l i s t  t h a t  th e  p r o je c t  s p l i t s  in t o  a number 
s e l f  c o n ta in e d  s e c t io n s ,  so to  e n a b le  th e  re a d e r  to  g ra sp  th e  o v e r a l l  approach  
to  th e  p r o je c t  th e  c o n te n ts  w i l l  be in tro d u c e d  b r i e f l y  in  th e  fo llo w in g  
s e c t io n ,
1 ,3  Summary o f  C on ten t
In  C h ap te r I I  some th e o r ie s  o f  n u c le a t io n  a re  rev iew ed  and d is c u s s e d  
and th e  a u th o r  has compared th e s e  t h e o r i e s  i n  some d e t a i l  and h as  p o in te d  o u t 
th e  s i m i l a r i t y  in  p r e d ic t io n s  o f  two r e c e n t  t h e o r i e s .
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The need  f o r  e x p e r im e n ta l v e r i f i c a t i o n  o f th e s e  th e o r i e s  i s
commented on and th e  p a ra m e te rs  to  "be s tu d ie d  a r e  d iscu ssed *
N u c le a tio n  and c r i t i c a l  c o n d e n sa tio n  exp erim en ts  f o r  s i l v e r  on
s i l i c o n  o x id e  a re  d e s c r ib e d  in  C h ap te r I I I  and some im p o r ta n t t h e o r e t i c a l
c o n c lu s io n s  from th e  p re v io u s  c h a p te r  a r e  v e r i f i e d  e x p e rim e n ta lly *  E s tim a te s
o f  th e  a c t i v a t io n  e n e rg ie s  f o r  a d s o rp tio n  and s u r fa c e  d i f f u s io n  a re  made and .
i t  i s  concluded  t h a t  Ag on SiO i s  a s u i t a b le  com bination  f o r  p r e f e r e n t i a l
d e p o s i t io n  s tu d ie s*
In  C h ap te r IV th e  e x p e r im e n ta lly  d e r iv e d  v a lu e  o f  s u r fa c e
a d s o rb tio n  energy  i s  com pared w ith  a t h e o r e t i c a l  model and t h i s  model i s
u sed  to  c a l c u la te  a d s o rp tio n  e n e rg ie s  f o r  o th e r  e le m e n ts . T hese c a l c u la t io n s
en ab le  e s t im a te s  o f  th e  co n d en sa tio n  p r o p e r t i e s  o f  th e  e lem en ts  to  b e  made
and so a llo w  p r e d ic t io n s  o f  t h e i r  r e l a t i v e  s u i t a b i l i t y  a s  d o p an ts  f o r
p r e f e r e n t i a l  d e p o s i t io n .
C h ap te r  V d e a ls  w ith  th e  d e s ig n  and developm ent o f  th e  com bined
charged  p a r t i c l e  bom bardm ent/vapour d e p o s i t io n  a p p a ra tu s .
In  C h ap te r VI i t  i s  r e p o r te d  how th e  t h e o r e t i c a l  p r e d ic t io n s  made
in  C h ap te r  IV re g a rd in g  s u i ta b le  d o p an ts  f o r  in d u c in g  p r e f e r e n t i a l  d e p o s i t io n
a re  t e s t e d  e x p e r im e n ta lly .  Minimum io n  dose  v e rs u s  energy  c h a r a c t e r i s t i c s
f o r  in d u c in g  p r e f e r e n t i a l  d e p o s i t io n  a re  e s ta b l i s h e d  f o r  two ty p e s  o f  io n  
/  - f  \(Au and Cu ) and th e  r e l a t i v e  im p o rtan ce  o f  c o n v e n tio n a l n u c le i  fo rm a tio n  
and s u r f a c e  damage on th e  s u r fa c e  s e n s i t i z a t i o n  p ro c e s s  i s  d e r iv e d .  T rap p in g  
e f f i c i e n c i e s  o f  g o ld  io n s  have been m easured u s in g  a c t i v a t i o n  a n a l y s i s .  A 
model b ased  on th r e e  d im en s io n a l c l u s t e r  fo rm a tio n  i s  dev e lo p ed  t h a t  e x p la in s  
some o f  th e  phenomena o b served  and o v e r a l l  c o n c lu s io n s  drawn re g a rd in g  th e  
p ro c e s s .  \
In  th e  p e n u ltim a te  C h ap te r ex p erim en ts  d e s ig n ed  to  s tu d y  th e  e f f e c t s  
o f  e le c t r o n  bombardment on p r e f e r e n t i a l  d e p o s i t io n  a r e  d e s c r ib e d  and optimum . 
c o n d it io n s  e s ta b l i s h e d  f o r  th e  p ro c e s s .  A gain  a s im p le  m odel t h a t  a c c o u n ts  
f o r  some o f  th e  r e s u l t s  i s  evo lved .
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The f i n a l  c h a p te r  i s  ta k e n  up w ith  c o n c lu s io n s  drawn from  th e  
whole p r o je c t ;  s u g g e s tio n s  a re  made f o r  f u tu r e  work and th e  a p p l ic a t io n  
o f  th e  p r e s e n t  s tu d ie s  to  in te r c o n n e c t io n  fo rm a tio n  i s  d is c u s s e d .
CHARTER I I
Review and Com parison o f  Some N u c le a tio n  T h e o rie s
2.1 The Im portance  o f N u c le a tio n  T heory in  th e  p r e s e n t  work
The p re s e n t  work d e a ls  w ith  e f f e c t s  t h a t  change th e  "behaviour o f  
condensed m e ta l l i c  f ilm s  on d i e l e c t r i c  s u b s t r a t e s .  These e f f e c t s  d e te rm in e  
th e  grow th o f  th e  f i lm  from th e  e a r l i e s t  s ta g e s  o f  c o n d e n sa tio n , i e  n u c le a t io n .  
B ecause o f  th e  l im i te d  xime a v a i la b le  o n ly  one th i n  f i l m / s u b s t r a t e  co m b in a tio n  
co u ld  be  e x p e r im e n ta lly  in v e s t ig a te d  and th e  r e s u l t s  o b ta in e d  co u ld  o n ly
be u sed  to  p r e d i c t  th e  b e h a v io u r  o f  o th e r  co m b in a tio n s  i f  v a lu e s  o f  s u r fa c e  
energy  w ere d e r iv e d .  T h is  req u ire m e n t n e c e s s i t a t e d  th e  a v a i l a b i l i t y  o f  a 
r e l i a b l e  th e o ry  o f  n u c le a t io n .
At th e  b e g in n in g  o f  th e  p r o j e c t  th e r e  e x i s te d  many c o n f l i c t i n g  id e a s  
co n ce rn in g  th e  phenomena o f  n u c le a t io n .  T here  w ere a number o f  c u r r e n t  th e o r i e s  
a v a i la b le  b u t  th e  c o n c lu s io n s  in  many c a se s  seemed to  d i f f e r .  I t  was d ec id ed  
th e r e f o r e  to  examine some o f  th e  m ost r e c e n t  d ev e lo p m en ts , compare them and 
i s o l a t e  common p r e d ic t io n s  t h a t  co u ld  be  t e s t e d  e x p e r im e n ta lly  w ith  th e  
c o n d e n s a te /s u b s t r a te  p a i r  adop ted  f o r  th e  p r e f e r e n t i a l  c o n d e n sa tio n  s tu d i e s .
2 .2  A Q u a l i ta t iv e  D e s c r ip t io n  o f  th e  Phenomena
2 .2 .1  The b e h a v io u r o f  a s in g le  adso rb ed  atom
C o n sid e r a s in g le  atom im p ing ing  on a s u b s t r a t e  s u r fa c e ;  th e  atom 
w i l l  e x p e rie n c e  an a t t r a c t i o n  to  th e  atoms o f  th e  s u r fa c e  and th e  a t t r a c t i v e  
i n t e r a c t io n  energy  w i l l  v a ry  w ith  th e  r e l a t i v e  p o s i t io n  o f  th e  s in g le  atom to  
th e  s u b s t r a te  atoms so th e r e  w i l l  be  a d e n s i ty  o f  maximum and minimum energy  
v a lu e s  ap p ro x im a te ly  eq u a l to  th e  s u r fa c e  d e n s i ty  o f  a tom s. The s u r f a c e  
d e n s i ty  o f  energy  maxima i s  g e n e r a l ly  known a s  th e  d e n s ity  o f  a d s o rp t io n  s i t e s  
Nq and th e  maximum v a lu e  o f  th e  a t t r a c t i v e  i n t e r a t i o n  energy  i s  c a l l e d  th e  
a d s o rb tio n  energy  En . The d i f f e r e n c e  betw een  maximum and minimum energ y
w
v a lu e s  i s  known as  th e  s u r fa c e  d i f f u s io n  e n e rg y , E j .
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I f  t h e  im p ing ing  a to m  i s  th e rm a lly  accommodated on th e  s u r fa c e  
th e n  i t  can r e c e iv e  energy  from  th e  s u b s t r a te  by  l a t t i c e  v i b r a t i o n s .  I f
v d l l  deso rb  b u t  when th e  energy  i s  g r e a t e r  th a n  th e  s u r fa c e  d i f f u s io n  
energy  b u t l e s s  th a n  Ea  th e  ad so rb ed  atom w i l l  hop from  a d s o rb t io n
s i t e  to  s i t e .  The p r o b a b i l i t y  o f  th e  ad so rb ed  atom re c e iv in g  e i t h e r  th e  
a d s o rb tio n  o r  d i f f u s io n  energy  from th e  s u b s t r a t e  w i l l  depend on th e  
s u b s t r a te  te m p e ra tu re ,  T . I t  was Langnuir 0 9 1 7 )  who f i r s t  p ro p o sed  t h i s  
model and th e  phenomena o f  s u r f a c e  a d s o rb tio n  and r e - e v a p o r a t io n  h as  s in c e  
been  e x p e r im e n ta lly  v e r i f i e d  many tim e s ; f o r  example Hudson and S a n d e ja s  
(1967) have r e c e n t ly  s tu d ie d  th e  a d s o rb tio n  and r e - e v a p o ra t io n  o f  cadmium 
atom s on a  tu n g s te n  s u b s t r a t e .
A s in g le  atom in c id e n t  on a s u r fa c e  w i l l  rem ain  th e r e  f o r  an 
i n t e r v a l  dependan t on th e  a d s o rb tio n  energy  and s u b s t r a t e  te m p e ra tu re .  D uring  
i t s  so jo u rn  i t  w i l l  hop i n  a  random fa s h io n  o v er th e  s u r f a c e  v i s i t i n g  a 
number o f  a d s o rb tio n  s i t e s .  T h is  mechanism i s  d iag ram m atic  a l l y  shown in  
f ig u r e  2 .1 ,  th e  av erag e  tim e  IT ^ th a t  a  s in g le  atom rem ains ad so rb ed  i s  g iv e n  
by  th e  r e l a t i o n s h i p ,
t h i s  energy  i s  g r e a t e r  th a n  th e  s u r fa c e  a d s o rb tio n  energy  th e n  th e  atom
( 2 . 1 )
w here \) i s  a  fundam en ta l freq u en cy  a s s o c ia te d  w ith  th e  v i b r a t i o n  o f  
s u b s t r a te  a tom s. S im i la r ly ,  th e  ad-atom  w i l l  rem ain  i n  an in d iv id u a l  
a d s o rb tio n  s i t e  f o r  T  se c s  w here
w here 0^ i s  a  fun d am en ta l freq u en cy  a s s o c ia te d  w ith  s u r fa c e
•  •  • (2 . 2)
d i f f u s io n
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a d o  to m  with
d e s o r b s
e n e r g y
^ERo energy
o d a to m  rtith Pnaryy 
ho Ids from s i te  to  S ite
f i g u r e  Z * 1  k i n e t i c s  o f  a  S in g l e  a d o l o m .
2 .2 .2  The b e h a v io u r  o f  a number o f  atoms in c id e n t  s im u lta n e o u s ly  on a
s u r fa c e
C o n s id e r  n  ow a s u r fa c e  w ith  a  "beam o f  atoms from  th e  vap o u r 
ph ase  im p ing ing  on i t .  I n  th e  e a r ly  s ta g e s  o f  bombardment th e  in d iv id u a l
atoms w i l l  behave in  th e  manner d e s c r ib e d  i n  th e  p re v io u s  s e c t io n ,  each  s in g le t  
h o p p in g  i n  a  random fa s h io n  from  s i t e  to  s i t e  u n t i l  d e s o rb t io n  o c c u rs .  As 
tim e in c r e a s e s  to  Ta  th e  s i n g l e t  d e n s i ty  w i l l  re a c h  e q u i l ib r iu m  and some o f  th e  
ad so rb ed  atom s w i l l  c o l l i d e  w ith  o th e rs  o f  t h e i r  s p e c ie s  b e fo re  r e c e iv in g  
enough energy  to  d e so rb . I f  c o n d i t io n s  a r e  r i g h t  th e n  th e  c o l l i s i o n s  w i l l  
be  i n e l a s t i c  and d o u b le ts  w i l l  be fo rm ed . T hese d o u b le ts  w i l l  need  to  
r e c e iv e  2 Efl i f  th e y  a r e  t o  d eso rb  and t h e i r  s u r fa c e  d i f f u s io n  w ill-  be 
s ig n i f i c a n t l y  re d u c e d . They w i l l  th e r e f o r e  form  a  more s t a b l e  bond w ith  
th e  s u r fa c e  and  i f  t h e i r  s u r fa c e  m otion  i s  s u f f i c i e n t l y  red u ce d  th e y  w i l l  be  
a b le  t o  c o l l e c t  o th e r  m ig ra tin g  ad-atom s and so form  s ta b l e  c lu s te r s , .
E v e n tu a lly  i f  c o n d i t io n s  a l lo w , th e s e  c l u s t e r s  w i l l  become f ix e d  and w i l l  
grow u n t i l  th e y  c o a le sc e  and form  a  c o n tin u o u s  f i lm  o v e r th e  s u b s t r a t e  
s u r f a c e .
I t  i s  t h i s  model t h a t  form s th e  q u a l i t a t i v e  b a s i s  o f  a l l  n u c le a t io n  
th e o r i e s  b u t  ap p roaches to  th e  q u a n t i t a t iv e  fo rm u la tio n  o f  th e s e  th e o re s  
d i f f e r  in  many r e s p e c ts  a n d ,su c h  d i f f e r e n c e s  le a d  to  d isa g re e m e n t in  
p r e d ic t io n s .
2 .2 .3  Two app ro ach es to  n u c le a t io n  th e o ry ,  c a p i l l a r i t y  v e rs u s  a to m is t i c
Q u a n t i ta t iv e  n u c le a t io n  th e o ry  h as  p ro g re s s e d  a lo n g  two d i s t i n c t
l i n e s ,  th e s e  l i n e s  a r e  g e n e r a l ly  d e s ig n a te d
( 1) th e  a to m is t ic  a p p ro a c h , and
(2) th e  c a p i l l a r i t y  approach
In  th e  a to m is t ic  ap p ro ach  e a r ly  n u c le a t io n  i s  t r e a t e d  on an a to m ic  
l e v e l  w ith  s in g le  atom s com bining t o  form s ta b l e  d o u b le ts  o r  h ig h e r  m u l t i -  
p l e t s  which in  tu rn  c o l l e c t  o th e r  s in g le  atom s and so form p o ly a to m ic  c l u s t e r s .
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T h is  tre a tm e n t r e q u i r e s  know ledge o f  i n t e r a c t i o n  e n e rg ie s  betw een s in g le  
atom s and c l u s t e r s  c o n ta in in g  any  number o f  atom s from  a s in g l e t  to  a 
f a i r l y  l a r g e  m u l t i p l e t .  Atom-atom i n t e r a c t io n  e n e rg ie s  have n o t  been  
m easured f o r  many e lem en tsb u t t h e o r e t i c a l  e s tim a te s  a r e  a v a i l a b l e  i n  a  
number o f  c a s e s .  I n t e r a c t i o n  e n e rg ie s  betw een s in g le  atom s and p o ly a to m ic  
c l u s t e r s  a r e  g e n e ra l ly  more d i f f i c u l t  to  e s tim a te  b u t  i t  w i l l  be shown l a t e r  
t h a t  t h i s  does n o t  p re s e n t  a  s e r io u s  problem  in  most c a se s  b e c a u se  th e
s ta b le  n u c le u s  i s  o f te n  sm a ll ( 2 - 3  atom s) a f t e r  w hich th e  c l u s t e r  becomes 
s t a t i c  and a c t s  a s  a t r a p  to  s in g le  atoms a b le  to  d i f f u s e  from  t h e i r  
in c id e n t  p o s i t io n  to  th e  c l u s t e r .
The c a p i l l a r i t y  appoach t r e a t s  c l u s t e r  grow th and d ecay  a s  a 
m acroscopic  p ro c e s s .  N u c le i a r e  t r e a t e d  a s  s p h e r ic a l  cap d r o p le t s  and th e  
r a t i o  o f  volume to  s u r fa c e  en e rg y  i s  c o n s id e re d  i n  r e l a t i o n  t o  th e  c o n ta c t  
a n g le  o f  th e  d r o p le t  to  s u r f a c e .  The system  becomes r a t h e r  unw orkable f o r  
c l u s t e r s  c o n ta in in g  on ly  a few atom s b u t Lewis (1967) b a s  shown t h a t  th e  
p r e d ic t io n s  o f  some a to m is t ic  and c a p i l l a r i t y  b ased  th e o r i e s  a r e  n o t u n l ik e .  
However f o r  v e ry  sm all c l u s t e r s  th e  a to m is t ic  approach  i s  e a s i e r  t o  ap p ly  
and w i l l  be u sed  th ro u g h o u t t h i s  w ork. No f u r t h e r  rev iew  o f  c a p i l l a r i t y  m odels 
w i l l  be c a r r i e d  o u t.
P o u r a to m is t ic  th e o r i e s  o f  n u c le a t io n  w i l l  be d e a l t  w ith  and th e  
th e o r i s t s *  approach  w i l l  be  b r i e f l y  exam ined and t h e i r  c o n c lu s io n s  d is c u s s e d .  
F in a l ly  s ig n i f i c a n t  c o n c lu s io n s  w i l l  be compared and th e  s t a t e  o f  e x p e r im e n ta l 
v e r i f i c a t i o n  w i l l  be d is c u s s e d .
2 .3  Q u a n t i ta t iv e  T h e o r ie s  o f  N u c le a tio n
2.3*1 The F re n k e l (192A) th e o ry
The f i r s t  a to m is t ic  th e o ry  o f  n u c le a t io n  was p ro p o sed  by  F re n k e l  
(1 9 2 4 ). He fo llo w ed  th e  q u a l i t a t i v e  model d e s c r ib e d  in  th e  l a s t  s e c t io n  
and made th e  assu m p tio n  t h a t  th e  d o u b le t (2  atom c l u s t e r )  was a lw ays a 
s t a b l e  c l u s t e r  i e  had a h ig h e r  p r o b a b i l i t y  o f  grow ing by a d d i t io n  o f - s in g l e  
atom s th a n  d i s s o c ia t in g .  H is th e o ry  aimed a t  e x p la in in g  th e  a p p a re n t
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phenomenon o f  c r i t i c a l  co n d e n sa tio n  o b serv ed  by  Y/ood ( i  915> 1916) and 
Kundsen (1909) f o r  cadmium and m ercury  vapour im ping ing  on a  g la s s  s u b s t r a te *  
T hese r e s e a r c h e r s  found  t h a t  u n le s s  th e  s u b s t r a te  was h e ld  a t  a  te m p e ra tu re  
below  183°K w ith  cadmium in c id e n t  and 143°K w ith  m ercury  in c id e n t  s t a b l e  
f i lm s  w ould n o t  condense*
-2 -iF re n k e l  developed  h i s  th e o ry  to  p r e d i c t  th e  atom a r r i v a l  r a t e  q. cm sec 
t h a t  w ould a llo w  a  f i lm  to  condense on a  s u b s t r a t e  a t  te m p e ra tu re  T°K and 
s t a t e d  t h a t  th e  fo llo w in g  c o n d i t io n s  must be  s a t i s f i e d .
^  -  N 0 Oo e * P  -  ( Ea + j b) . . .  ( 2 .3 )
kT
w here E^ i s  th e  bond energy  o f  a d o u b le t o f  ad so rb ed  atom s and  th e  sum 
E + E, i s  known a s  th e  c o n d e n sa tio n  energy  E ,. o f  th e  sy stem .
Cl b  ■ C ^
F r e n k e l1 s th e o ry  d id  n o t a llo w  c a l c u la t io n s  o f  th e  r a t e  o f  
fo rm a tio n  o f  s ta b l e  n u c le i  b u t d id  en ab le  e s t im a te s  o f  th e  a d s o rb t io n  energy  
t o  b e  made w here E^ was known by  m easuring  c r i t i c a l  a r r i v a l  r a t e s  f o r  
v i s i b l e  f i lm  fo rm a tio n . T h is  p ro c e s s  w i l l  be d e a l t  w ith  in  more d e t a i l  i n  
th e  n e x t c h a p te r .
2*3*2 The Lew is-C am pbell (19&7) Theory
F re n k e l* s  a to m is t ic  app ro ach  le d  o th e rs  to  a t te m p t th e  fo rm u la tio n  
o f  more e le g a n t th e o r i e s  t h a t  would p r e d i c t  th e  s ta b le  n u c le a t io n  r a t e  u n d e r 
v a ry in g  c o n d i t io n s  o f  s u b s t r a te  te m p e ra tu re  and atom a r r i v a l  r a t e .  P rim e 
am ongst th e s e  w ere V/alton (19&2) and W alton , R hodin and R o l l in s  (19&3) who 
concluded  t h a t  n u c le a t io n  b u i ld s  up t o  some s a tu r a t io n  v a lu e  th e n  c e a s e s .
A f te r  t h i s ,  th e  s in g le  atom p o p u la t io n  i s  governed  on ly  by  c a p tu re  in t o  th e s e  
s ta b l e  n u c le i  w hich grow and e v e n tu a l ly  c o a le s c e .  The m ost r e c e n t  d ev e lo p ­
ment o f  t h i s  m odel i s  due to  Lewis and Cam pbell (19&7) who p o in t  o u t t h a t  
d u r in g  i t s  so jo u rn  on th e  s u r fa c e  a  s in g le  atom w i l l  v i s i t  a  num ber o f  
a d s o rb tio n  s i t e  such t h a t , '
M o. = ^ ^ 0.=  e x '\* ^ — ~c[
KT
( Z . 4 )
w here XT i s  th e  number o f  s i t e s  v i s i t e d  p e r  u n i t  tim e and e q u a ls  ( s e e
e q u a tio n  ( 2 ,2 ) .  I t  i s  assumed t h a t  \)Q = 0, . A f te r  e s ta b l i s h in g  a random
walk m odel, Lewis and Cam pbell re a c h  th e  fo llo w in g  m ajo r c o n c lu s io n s  r e l a t i n g  
a r r i v a l  r a t e ,  a d s o rb tio n  tim e  and s i t e s  v i s i t e d  to  a d s o rb tio n  s i t e  d e n s ity *
( i )  Y/hen 0. XA M < m u tu a l c a p tu re  o f  m ig ra tin g  atom s i s
im probab le  and m ost in c id e n t  atom s w i l l  r e - e v a p o r a te  w ith o u t 
fo rm ing  p a irs *
( i i )  When 2No> q r a  m utual c a p tu re  i s  p ro b a b le  and
m ig ra tin g  atom s w i l l  be a b le  to  form p a i r s . '  I f  th e  d o u b le t i s
s ta b l e  th e n  n u c le a t io n  w i l l  occur* T h is  re g io n  i s  d e f in e d  by 
Lewis and Cam pbell a s  th e  re g io n  o f  in c o m p le te  co n d en sa tio n *
( i i i )  Y/hen q > 2No th e n  a l l  atom s in c id e n t  form  p a i r s
and i f  th e s e  a re  s t a b l e ,  co n d e n sa tio n  w i l l  be com plete*
I n  re g io n  ( i )  no n u c le a t io n  can o c c u r , in  re g io n  ( i i )  th e  s a tu r a t i o n
d e n s i ty  o f  s ta b le  n u c le i  ^ assum ing p a i r s  to  be s ta b le ,  i s  g iv e n  by th e  
e x p re s s io n
I n  re g io n  ( i i i ^ t h e  d e n s i ty  o f  s ta b l e  n u c l e i  i s  g r e a t e r  th a n
and f o r  s ta b l e  d o u b le ts
(2 .5 )
M a
(2 .6)
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I f  ( i*  + 1) i s  th e  number o f  atom s in  a  s t a b l e  c l u s t e r  th e n  th e
4 a i
g e n e ra l  e x p re s s io n  f o r  g*  i i s
H a  \ i>+1 r
v‘ /  ■ ’ L (i4 l)kT j
. . .  (2 .7 )
r0
Summary o f  C o n c lu sio n s
Y/hen co n d e n sa tio n  i s  in c o m p le te  such  a s  may be e x p ec ted  a t  h ig h  
s u b s t r a te  te m p e ra tu re s  o r  low in c id e n c e  r a t e s  th e  d e n s i ty  o f  s t a b l e  n u c le i  
i s  in d e p en d an t o f  a r r i v a l  r a t e  b u t in c r e a s e s  w ith  s u b s t r a te  te m p era tu re*
When c o n d e n sa tio n  i s  com plete  th e  d e n s i ty  o f s t a b l e  n u c l e i  i s  
r a t e  dependan t b u t  d e c re a se s  w ith  te m p e ra tu re .
The Z in s m e is te r  (19&8) Theory
Z in s m e is te r  assum es t h a t  i n  a l l  c a s e s  th e  d o u b le t form s a  s ta b le  
c l u s t e r ,  he b u i ld s  up a two d im en s io n a l g as  m odel and s e t s  o u t r a t e  
e q u a tio n s  f o r  th e  b u i ld  up o f  c l u s t e r s  c o n ta in in g  one o r  more atom s* L e t 
be th e  s u r fa c e  d e n s i ty  o f  c l u s t e r s  c o n ta in in g  i  atom s th e n
vL
n  = q -  n  _  w c\x -  H,W n;
T *  u *
. . .  (2 .8 a )
=  • • •
r\; = n .  w o ,  -  n , w n j  . . .  ( 2 . 80 )
W i s  a  c o l l i s i o n  f a c t o r  assumed to  be in d e p en d an t o f  tim e  o r  th e  num ber o f  
atoms i n  a  c l u s t e r .  In  an e a r l i e r  p a p e r ,  Z in s m e is te r  (19&6) , Wj* was 
d e f in e d  by '
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w here CL && a tom ic d ia m e te r .
A f te r  some s im p le  a lg e b ra  th e  r a t e  e q u a tio n  f o r  th e  s in g le  atom 
d e n s i ty  i s  g iv en  a s
n ,  =  q -  H  -  w f l , -  n , w q  • • • ( 2 , 1 0 '
* cl
w here g i s  th e  d e n s i ty  o f  c l u s t e r s  c o n ta in in g  more th a n  two a tom s, 
b
E q u a tio n  2 .1 0  i s  n o t a n a l y t i c a l l y  s o lv a b le  b u t  Z in sm e is te r  s e t s  
up a n u m e ric a l in t e g r a t i o n  on  a com puter and a r r iv e s  a t  t h r e e  s im p le  
e x p re s s io n s  f o r  th e  r a t e  o f  grow th  o f  g^ w hich depend on th e  d u ra t io n  o f  
d e p o s i t io n ,  t .
( i )  In  th e  v e ry  e a r ly  s ta g e s
g  _ . . .  ( 2 .1 1 )
( i i )  When th e  s in g le  atom p o p u la t io n  i s  governed  by r e - e v a p o r a t io n  
such a s  a t  h ig h  te m p e ra tu re  o r  low in c id e n c e  r a t e
% *  W/ r QU
( i i i )  When th e  s in g le  atom p o p u la tio n  i s  governed  by  c a p tu re  i n t o  
s ta b le  n u c l e i  such a s  a t  low te m p e ra tu re s  o r  h ig h  in c id e n c e  r a t e s
<3 ■= ( * * ) \ %  . . .  (2 .1 3 )
5 x Z W  J
Summary o f  C o n c lu sio n s
( i )  The d e n s i ty  o f  s ta b le  n u c le i  n e v e r  re a c h e s  s a t u r a t i o n .
( i i )  g e i t h e r  d e c re a se s  w ith  in c r e a s in g  s u b s t r a t e  te m p e ra tu re  o r  
s>
i n  th e  ca se  o f  low te m p e ra tu re  o r  h ig h  in c id e n c e  r a t e  i s  v i r t u a l l y  
in d e p e n d a n t o f  i t .  i
2 .3*4  The Chapm an-Jordan (19&9) T heory
T hese t h e o r i s t s  r e j e c t  th e  u se  o f  a  mean t  v a lu e  and in t ro d u c e
a
a  p r o b a b i l i t y  t h a t  a  s in g le  atom w i l l  rem ain  on th e  s u r fa c e  f o r  t  secs*
A f te r  d e r iv in g  an e x p re s s io n  f o r  th e  c a p tu re  r a t e  o f  s in g le  atom s by 
s ta b l e  o r  c r i t i c a l  n u c l e i  th e y  s e t  o u t a r a t e  e q u a tio n  f o r  th e  s i n g l e t  
p o p u la t io n  s im i la r  to  Z in sm e is te rs  e q u a tio n  2 .8a*
c ,  = q  -  i '  -  ( $ ? + 9 * ) « o  • • • ( 2 , 1 4 )
w here g .*  and g a r e  th e  d e n s i t i e s  o f  s t a b l e  and c r i t i c a l  n u c l e i  and cj i s  
I &
th e  c a p tu re  r a t e  f o r  s in g le  atoms* S e t t in g  g .v + g = g th e y  e x p re ss  CJ 
as
( | -  e . x p  -  J 
V L W
c o  =  c L ! iQ 1 1 -  £ x d  l V  • • •  (2 -1 5 )
N,
They assume t h a t  = 0 and so a r e  a b le  to  a r r i v e  a t  th e
e x p re s s io n
. . .  (2 .16)
= F ( x )
8  m ,w here R x )  -  I -  X  •+ X e x b - ' / v  . X  =  ~ a-
'  N 0
They th e n  f in d  ap p ro x im ate  s im ple  s o lu t io n s  f o r  f ( x )  o v e r v a r io u s  
ran g es  o f  X .
Chapman and J o rd a n  in t ro d u c e  th e  co n cep t o f  f r a c t i o n a l  n u c le a t io n  
r a t e  \ j  d e f in e d  by th e  e x p re s s io n
2 9
f\ f t e r  s im p l i f i c a t io n  and some ap p ro x im a tio n s  th e y  a r r i v e  a t  a  g e n e ra l  
s o lu t io n  f o r  F C*-) in v o lv in g  9 and 7 ^ .
( i )  Y/hen th e  s in g le  atom p o p u la t io n  i s  governed  "by r e - e v a p o r a t io n  
(h ig h  s u b s t r a te  te m p e ra tu re s  o r  low in c id e n c e  r a t e s )
E i,' - + ( i + i ) t a - E d  
_  _ _  _ . . .  ( 2 . 18)
( i i )  Y/hen th e  s in g le  atom p o p u la tio n  i s  governed  by  c a p tu re  in to  
s ta b le  c l u s t e r s
r a  N o t
e x
c + t* Ed
. . .  ( 2. 19)
Summary o f  C on c lu sio n s
( i )  The n u c le a t io n  r a t e  n e v e r  re a c h e s  ze ro  so s a tu r a t i o n  does 
n o t  o c c u r .
( i i )  The n u c le a t io n  d e n s i ty  d e c re a s e s  a s  th e  s u b s t r a t e  te m p e ra tu re  
in c r e a s e s .
2 .4  Comparison o f  T h e o r e t ic a l  P r e d ic t io n s
The fo u r  th e o r i e s  rev iew ed  a l l  p r e d ic t  some form o f  c r i t i c a l  
e f f e c t  co nnec ted  w ith  s u b s t r a te  te m p e ra tu re  and atom a r r i v a l  r a t e ,  see  T ab le  2.1 
F r e n k e l s  (1924) th e o ry  p r e d ic t s  a te m p e ra tu re  beyond w hich c o n d e n sa tio n  
w i l l  n o t  o ccu r u n le s s  th e  a r r i v a l  r a t e  i s  in c re a s e d .  Lewis and C am pbell 
( 1967) a l s o  im ply  t h i s  b u t  su g g es t o th e r  re g io n s  where c o n d e n sa tio n  i s  
in c o m p le te  b u t  n u c le a t io n  o c c u rs . B oth  Z in sm e is te r  and Chapman and J o rd a n  
f in d  c r i t i c a l  r e g io n s  depend ing  on w hether th e  s in g le  atom p o p u la t io n  i s  
governed  by r e - e v a p o ra t io n  o r  c a p tu re .  The m ain d is c re p a n c y  betw een  Lew is 
and Cam pbell and th e  c o n c lu s io n s  o f  b o th  Z in sm e is te r  and Chapman and J o rd a n
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i s  t h a t  th e  fo rm er t h e o r i s t s  p r e d ic t  an in c re a s e  in  n u c le a t io n  d e n s i ty  w ith  
s u b s t r a te  te m p e ra tu re  when co n d en sa tio n  i s  incom plete*
E xam ination  o f  th e  two th e o r ie s  show t h a t  th e  g = f ( T , t )  e q u a tio n s
o f  Chapman and J o rd a n  may be ex p re sse d  in  a s im i la r  manner to  Z in s m e is te r 1 s 
and by  do ing  t h i s  i t  i s  p o s s ib le  to  compare th e  p r e d ic t io n s  o f  b o th  
t h e o r i s t s  a t  l e a s t  f o r  th e  ca se  w here -i* -  1 (d o u b le ts  s t a b l e ) • I f
e q u a tio n s  2 .1 7  i s  combined w ith  2 .1 8  and 2 .1 9 , and i*  + 1 = 2 and  th e  
r e s u l t i n g  d i f f e r e n t i a l  e q u a tio n s  a r e  in t e g r a te d  betw een 0 and t  i t  i s  
found t h a t  f o r  r e g io n  ( i )  page S o
t h a t  th e  g , t  r e l a t i o n s h ip s  a r e  s im i la r  f o r  s im i la r  p h y s ic a l  c o n d i t io n s .
Now i f  i n  e q u a tio n  2 ,9  i s  so lv e d  f o r  th e  ca se  where i  = 1 and t h i s
r e s u l t  i s  i n s e r t e d  in  e q u a tio n  2 .1 2  and 2 .13  th e n  f o r  c o n d i t io n s  g o v e rn in g  
re g io n  ( i )  above
and s im i l a r l y  f o r  c o n d i t io n s  g o v ern in g  re g io n  ( i i ) , e q u a tio n  2 .13  becomes
z
(2 . 20)
• • t (2 . 21)
I t  i s  c l e a r  from  exam in a tio n  o f  e q u a tio n s  2 .1 2  and 2 .13  on P&S®
(2 . 22)
9 •  •  • (2 .2 3 )
5 2
A part from t r i v i a l  d if f e r e n c e s  in  c o n s ta n ts  con ta ined  in  th e
p re -e x p e r im e n ta l  c o e f f i c i e n t  th e  r e s u l t s  a r e  i d e n t i c a l *
I t  i s  e a s i l y  u n d e rs to o d  t h a t  n u c le a t io n  b e h a v io u r  governed  by
e q u a tio n s  2.21 and 2.23 c o u ld  be  m istak en  u n d er e x p e rim e n ta l c o n d i t io n s ,
f o r  s a tu r a t io n  b eca u se  o f  th e  sm a ll power v a r i a t i o n  in  t .
However i t  i s  n o t p o s s ib le  to  f in d  any r e s u l t s  com parable w ith
th o s e  above in  th e  Lew is-C am pbell th e o ry .
I t  i s  concluded  t h a t  th e  Z in sm e is te r  and Chapm an-Jordan th e o r i e s
p r e d i c t  s im i la r  r e l a t i o n s h ip s  betw een g and th e  v a r ia b le s  T and t  f o r  th e
$
c a se  when i*  = 1 . B ecause th e  Chapm an-Jordan th e o ry  i s  n o t  r e s t r i c t e d
to  th e  s t a b l e  d o u b le t  b u t  can t h e o r e t i c a l l y  cope w ith  s ta b l e  n u c l e i  o f  any
s iz e  i t  i s  c o n s id e re d  more g e n e ra l .  I t  p r e d i c t s  t h a t  f o r  a  c o n s ta n t  a r r i v a l
1r a t e  and  d e p o s i t io n  d u r a t io n  a lo g  g v e rs u s  5  p l o t  w i l l  y i e l d  a  number o f
t r a n s i t i o n  te m p e ra tu re s  dependan t on th e  p ro c e s s e s  g o v ern in g  th e  s in g le
atom p o p u la tio n  and changes in  th e  s iz e  o f  th e  s ta b le  n u c le u s .  A l im i t e d
t h e o r e t i c a l  p l o t  i s  shown i n  f ig u r e  2*2 u s in g  a r b i t r a r y  c o n s ta n t s .  One
im p o rta n t t r a n s i t i o n  i s  t h a t  w here th e  s t a b l e  n u c le u s  changes from  a  d o u b le t
to  a  t r i p l e t  w ith  th e  s in g le  atom p o p u la tio n  governed  by r e - e v a p o r a t io n .
T h is  t r a n s i t i o n  i s  embodied i n  e q u a tio n  2*3 b ecau se  a l th o u g h  F re n k e l (1924)
does n o t c o n s id e r  s t a b l e  t r i p l e t s ,  h i s  th e o ry  p r e d ic t s  th e  te m p e ra tu re  above
which d o u b le ts  w i l l  c ea se  to  be s t a b l e .
Now i n t e g r a t i o n  o f  e q u a tio n  2 .1 8 betw een 0 and t  w i l l  a lw ay s y i e l d
a g c£ t  f u n c t io n .  I f  th is ^  i n t e g r a t i o n  i s  c a r r i e d  o u t and a  v a lu e  o f  s
i*  = 2 i s  i n s e r t e d ,  th e  tim e  v a r i a t i o n  o f  g can be found when t r i p l e t s
&
a r e  th e  minimum s ta b l e  c l u s t e r .  I n  t h i s  c a s e ,
Capture into s ta b le  
dusters dominates.
Fl^U rd Z . 'Z ,  Theoretical Loj 7  versus /r  
/plot for m o d i f i e d  Chafptnon -  J o rd a n
Theor
3 4
By e q u a tin g  2*24 to  2 ,2 0  and r e - a r r a n g in g ,  th e  c o n d i t io n s  f o r  an 
i*  = 1 -> 2 t r a n s i t i o n  i s  found to  be
Jo rd a n  th e o ry  a g re e s  w ith  th e  c a r d in a l  p r e d ic t io n  o f  F re n k e l ,  I t  i s  
en co u rag in g  to  f in d  f irm  co n n e c tio n s  betw een  th r e e  a to m is t ic  t h e o r i e s ,  
b eca u se  a lth o u g h  th e y  a re  a l l  b ased  on th e  same q u a l i t a t i v e  m odel, t h e r e  
a re  s i g n i f i c a n t  d i f f e r e n c e s  in  th e  te c h n iq u e s  o f  developm ent.
F re n k e l* s  (1924) p r e d ic t io n  h as  b e e n  t e s t e d  on num erous 
o c c a s io n s  and some o f  th e  p a s t  ex p erim en ts  w i l l  be  d is c u s s e d  i n  C h ap te r I I I ,
w ith  r e s u l t s  o b ta in e d  by  o th e r s .  T h ere  seems re a s o n a b le  s e m i- q u a n t i ta t iv e  
agreem ent u n d er c o n d i t io n s  o f  com plete  c o n d e n sa tio n  b u t  th e y  f in d  o n ly  two 
p o in t s  due to  d i f f e r e n t  e x p e r im e n ta l is t s  t h a t  show n u c le a t io n  d e n s i ty  
in c re a s in g  w ith  s u b s t r a t e  te m p e ra tu re ,  i n  b o th  o f  th e s e  c a s e s  a r r i v a l  r a t e s  
w ere unknown. Chapman (1969 P r iv  Com) h as  su g g es ted  th a t  Lew is and Campbell* 
r e s u l t s  in  th e  in c o m p le te  c o n d e n sa tio n  mode may have been  c a r r i e d  o u t u n d e r
c o n d i t io n s  o f  vapour accu m u la tio n  due to  l a r g e  h ig h  te m p e ra tu re  a re a  around  
th e  s u b s t r a t e ,  t h i s  e f f e c t  would te n d  to  g iv e  a to o  h ig h  n u c le a t io n  d e n s i ty  
b ecau se  o f  an a r t i f i c i a l l y  h ig h  lo c a l  v ap o u r p r e s s u r e ,  Lew is ( I ( o 3  )
h as  d e a l t  e x p e r im e n ta lly  w ith  t h i s  s u b je c t  f o r  z in c  v ap o u r,
Z in sm e is te r  (1968) comments on th e  need  f o r  more ex p erim en t b e fo re  
c u r r e n t  th e o r i e s  can be im proved . Chapman ( 1 9&9) com pares th e  p r e d ic t io n s
and a lth o u g h  q u a l i t a t i v e  agreem ent may be  i n f e r r e d ,  th e  v a lu e s  o f  s u r f a c e  
a d s o rb tio n  energy  he o b ta in s  a re  to o  h ig h .
[  Eg +  £ b ]  
k T
(2 .2 5 )
T h is  e x p re s s io n  i s  i d e n t i c a l  to  e q u a tio n  2 ,3  so th e  Chapman-
2 ,5  The S ta tu s  o f  E x p e rim e n ta l V e r i f i c a t i o n  o f  th e  T heory
Lewis and C am pbell (19&7) compare t h e i r  p r e d ic t io n s  and ex p e rim en ts
o f  th e  Chapm an-Jordan th e o ry  w ith  th e  e x p e rim e n ta l r e s u l t s  o f  Poppa (19&7)
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S inoe  no experim en ts  d es ig n ed  s p e c i f i c a l l y  to  t e s t  th e  p r e d ic t io n  
o f  c u r r e n t  th e o r i e s  had  been r e p o r te d ,  i t  was d e c id e d  t h a t  some e le c t r o n  
m ic ro sco p ic  s tu d ie s  o f  c l u s t e r  g row th  w ith  v a r i a t i o n s  o f  s u b s t r a te  te m p e ra tu re  
and d e p o s i t io n  d u ra t io n  would b e  v e ry  w orthw hile*  F u r th e rm o re , c r i t i c a l  
c o n d e n sa tio n  c o n d i t io n s  were n e c e s s a ry  p r i o r  to  th e  in d u ced  p r e f e r e n t i a l  
d e p o s i t io n  s tu d ie s ,  by com bining th e  r e s u l t s  o f  n u c le a t io n  and c r i t i c a l  
c o n d e n sa tio n , n o t  o n ly  cou ld  th e  c u r r e n t  t h e o r e t i c a l  p r e d ic t io n s  be  checked , 
b u t  com parisons betw een th e s e  and th e  th e o ry  o f  F re n k e l  (l92*t-) c o u ld  be made. 
T hese experim en ts  w i l l  be  d e s c r ib e d  i n  th e  n e x t c h ap te r*
CHAPTER I I I
N u c le a tio n  and C r i t i c a l  C onden sa tio n  Phenomena o f
S i lv e r  on S i l i c o n  Oxide
3 .1  I n t r o d u c t io n
3.1*1 C hoice o f  s u b s t r a te  and co n d en sa te
The s u b s t r a te /c o n d e n s a te  p a i r  was chosen  such t h a t  c o n d i t io n s  
im posed-by th e  p r e f e r e n t i a l  d e p o s i t io n  s tu d ie s  d is c u s s e d  in  C h ap te r 6 and 
th e  p r e s e n t  in v e s t ig a t io n  were s a t i s f i e d .  T hese c o n d i t io n s  w e re :-
( i )  The co n d en sa te  sh o u ld  b e  a good c o n d u c to r .
( i i )  The s u b s t r a t e  sh o u ld  be a  good i n s u l a t o r .
( i i i )  The co n d en sa te  sh o u ld  f a i l  t o  form  a c o n d u c tin g  f i lm
above a s u b s t r a te  te m p e ra tu re  o f  around  450°C w ith  a r r i v a l
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r a t e s  o f  10 -  10 atom s cm sec and d e p o s i t io n  d u r a t io n s
o f  a  few m in u te s . H ig h er s u b s t r a te  te m p e ra tu re s  w ould be
im p r a c t ic a l  in  a system  c o n s tru c te d  f o r  in te r c o n n e c t io n  fo rm a tio n .
( iv )  I t  sho u ld  b e  p o s s ib le  to  p re p a re  th e  s u b s t r a t e  i n  th e  form  o f
a  th in  s e l f  su p p o rtin g  f i lm  on e l e c t r o n  m icroscope  g r i d s .
(v ) The co n d en sa te  shou ld  p o s s e s s  an atom ic  w e ig h t s u f f i c i e n t l y
in  ex ce ss  o f  th e  s u b s t r a t e s  to  en su re  good c o n t r a s t  i n  th e
e le c t r o n  m icro sco p e .
/ N - 5(v i)  The c o n d en sa te  shou ld  r e s i s t  o x id a tio n  a t  10 t o r r  t o t a l
p r e s s u re  i f  c l u s t e r  d i s t o r t i o n  was to  be av o id ed .
The f i r s t  th r e e  c o n d i t io n s  w ere i m p o s e d  by  th e  p r e f e r e n t i a l
d e p o s i t io n  s tu d ie s .  C o n d itio n  ( i i i )  was common to  b o th  i n v e s t i g a t io n s
b ecau se  la r g e  changes i n  c o n d e n sa tio n  r a t e  w ith  s u b s t r a te  te m p e ra tu re  a r e
synonomous w ith  la rg e  changes in  n u c le a t io n  d e n s i ty  w ith  s u b s t r a t e  te m p e ra tu re .
The c o n d it io n s  ( iv )  t o  (v i)  w ere d ic ta t e d  by e l e c t r o n  m ic ro sc o p ic
te c h n iq u e s .
37
C o n d itio n s  ( i )  and (v) su g g es ted  th e  u se  o f  a  n o b le  m e ta l
and c o n s id e ra t io n  o f  c o n d i t io n  ( i i i ) ,  b e a r in g  i n  mind e q u a tio n  2 .3 , demanded
an e lem en t w ith  a  low  d o u b le t bond en e rg y . The m ost s u i ta b le  n o b le  m e ta l
was s i l v e r  b ecau se  i t  h a s  th e  h ig h e s t  c o n d u c t iv i ty  and lo w e s t bond en e rg y .
Ackerman e t  a l  ( i 960) h a s  m easured E^ f o r  th e  th r e e  n o b le  m e ta ls  and f in d s
E. = 2 ' l S e V  E = 1 ,6  eV Et , , = and th e  b u lk  c o n d u c t iv i ty
s  b(a5) ' b^ )
o f  s i l v e r  is&-2.10 mho cm' 1 a c c o rd in g  to  th e  Handbook o f  P h y s ic s  and 
C h em is try , i t  h a s  a  re a so n a b ly  h ig h  atom ic w e ig h t , i t  i s  easy  to  e v a p o ra te  
and a lth o u g h  i t  does form  a  s ta b le  o x id e  (Ag^O) i t  h a s  a  r e l a t i v e l y  low  
o x id a tio n  r a t e .
A common d i e l e c t r i c  i n  th e  sem i-co n d u c to r te c h n o lo g y  upon w hich 
in te r c o n n e c t io n s  a re  l a i d  down i s  o f  c o u rse  s i l i c a .  T h is  was th e r e f o r e  th e  
i d e a l  s u b s t r a te  f o r  p r e f e r e n t i a l  d e p o s i t io n  s tu d ie s .  E v a p o ra te d  s i l i c o n  
monoxide f i lm s  c o n s i s t  l a r g e ly  o f  S i0 ,.5 in  b u lk ,  P l i s k i n  (196& ), b u t  due to  
r e s id u a l  oxygen p re s e n t  d u rin g  e v a p o ra tio n , th e  s u r fa c e  i s  th o u g h t to  
co m p le te ly  o x id iz e  to  form s i l i c a .  B ecause o f  i t s  t o t a l  a m o rp h ic ity  
co n tin u o u s  f i lm s  o f  l e s s  th a n  100 R may be p ro d u ced . S i l i c o n  o x id e  f i lm s  a r e  
to u g h , easy  to  p roduce and have a v e ry  much low er mean atom ic w e ig h t th a n  
s i l v e r .  E or th e s e  re a so n s  i t  was chosen  f o r  th e  s u b s t r a te s  b o th  i n  th e  
s tu d y  d e s c r ib e d  i n  t h i s  c h a p te r  and in  th e  io n  bombardment in d u c ed  
p r e f e r e n t i a l  d e p o s i t io n  e x p e rim e n ts .
C hoice o f  p a ra m e te rs  f o r  s tu d y
The a u th o r  h as  shown in  2 .4  t h a t  Z in sm e is te r  ( 1968) and Chapman 
and Jo rd an * s  (19&9) p r e d ic t io n s  b o th  g iv e  th e  s t a b l e  n u c le a t io n  d e n s i ty  
a s  a  f u n c t io n  o f  s u b s t r a te  te m p e ra tu re  and d e p o s i t io n  d u r a t io n .
The n o n -c o a le s c in g  c l u s t e r  d e n s i ty  o f  an e a r ly  d e p o s i t  r e p r e s e n t s  
th e  n u c le a t io n  d e n s i ty  a t  some tim e  p re v io u s  to  th e  d e p o s i t io n  d u r a t io n .
T h is  i s  b ecau se  th e  f i n i t e  r e s o lu t io n  o f t h e  e le c t ro n  m icro sco p e  can n o t
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a l lo w  d e te c t io n  o f  r e a l l y  s m a ll  c lu s t e r s  c o n ta in in g  o n ly  th r e e  o r  f o u r  
a to m s . I n  th e s e  e x p e r im e n ts  th e  n o n -c o a le s c in g  c lu s t e r  d e n s i t y  was 
m easured w i t h  v a r ia b le  s u b s t r a te  te m p e ra tu re  and c o n s ta n t  d u r a t io n  and 
w i t h  v a r ia b le  d e p o s i t io n  d u r a t io n s  a t  c o n s ta n t  te m p e ra tu re s .  T h is  has 
a llo w e d  th e  t h e o r e t i c a l  p r e d ic t io n s  c o n c e rn in g  b o th  im p o r ta n t  v a r ia b le s  
t o  be te s te d .
The o th e r  p a ra m e te r  in v e s t ig a te d  has  been th e  te m p e ra tu re  above 
w h ic h  v i s i b l e  c o n d e n s a tio n  ceased  v e rs u s  th e  a r r i v a l  r a t e  o f  s i l v e r  a to m s. 
These m easurem ents have  s u p p lie d  im p o r ta n t  c o n d i t io n s  f o r  p r e f e r e n t i a l  
d e p o s i t io n  s tu d ie s  and  have  e n a b le d  e q u a t io n  2 .3  t o  be te s te d  and th e  
e f f e c t s  o f  e a r ly  n u c le a t io n  on l a t e r  c o n d e n s a tio n  b e h a v io u r  t o  be a s s e s s e d . 
3 .2  E x p e r im e n ta l A p p a ra tu s
3 .2 .1  Vacuum system
A l l  e x p e r im e n ts  o f  th e  p re s e n t  fo rm  and th o s e  d e s c r ib e d  l a t e r
w ere  c a r r ie d  o u t  i n  a c o n v e n t io n a l 12" g la s s  e v a p o ra t io n  cham ber pumped 
b y  a 6" o i l  d i f f u s i o n  pump. The d i f f u s io n  pump was f i t t e d  w i t h  a 
r e f r ig e r a t e d  c h e v ro n  b a f f l e  and a 6 " b a f f l e  v a lv e  t h a t  e n a b le d  t o t a l  cham ber
p
p re s s u re s  o f  < 1 0  t o r r  ( h o t  f i la m e n t  IG-) t o  be a t t a in e d  a f t e r  one h o u rs  
pu m p in g . The e v a p o ra t io n  cham ber was f i t t e d  w i t h  a num ber o f  p o r t s  so 
t h a t  pow er and m o n ito r  le a d s  c o u ld  be  ta k e n  i n t o  th e  vacuum .
3 .2 .2  S u b s tra te  a sse m b ly  f o r  n u c le a t io n  s tu d ie s
A sys tem  was d e v e lo p e d  t h a t  e n a b le d  a num ber o f  s i l i c o n  o x id e  
c o ve re d  e le c t r o n  m ic ro s c o p e  g r id s  a t  v a r io u s  te m p e ra tu re s  t o  be exposed to  
th e  same f l u x  o f  s i l v e r  a tom s d u r in g  one e v a p o ra t io n  ru n .
The g r id s  w ere  f i t t e d  i n t o  s p e c ia l l y  b o re d  re c e s s e s  down a 
3«t x  <jn-x  0 .0 8 ”  s ta in le s s  s t e e l  p a r a l le le p ip e d  and h e ld  i n  p o s i t i o n  b y  
c y l i n d r i c a l  p lu g s  a ls o  o f  s t a in le s s  s t e e l .  T h is  h o ld e r  i s  shown i n  
f i g u r e  3*1 as can be  s e e n , tw e lv e  g r id s  c o u ld  be  accom m odated down th e  
h o ld e r .  A t  one end f i v e  m ore re c e s s e s  w e re  d r i l l e d  down th e  o p p o s ite  edge
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o f  th e  p a r a l l e l p ip e d  w ith  t h e i r  c e n t r e s  s i t u a t e d  "between c e n t r e s  o f  a d ja c e n t  
r e c e s s e s  o f  th e  main l i n e  o f  g r i d s .  These w ere n o t  used  d u rin g  t h i s  i n v e s t ig a ­
t i o n ,  h u t  w ere u sed  f o r  n u c le a t io n  s tu d ie s  d is c u s s e d  in  C h a p te r^
The g r id  h o ld e r  was clam ped a t  one end betw een c o p p e r b a rs  t h a t  
w ere in  tu r n  mounted on a  s p e c ia l ly  c o n s tru c te d  p la tfo rm . The o th e r  end 
o f  th e  h o ld e r  was a r ra n g e d  so t h a t  i t  was i n  c lo s e  p ro x im ity  to  tu n g s te n  
r a d ia n t  h e a t in g  w ire s  o f  0.004” d ia m e te r  s t r e t c h e d  betw een two c u r r e n t  
c a r ry in g  copper b a r s .  F o r  th e  experim en ts  d e s c r ib e d  i n  t h i s  c h a p te r  fo u r  
tu n g s te n  w ire s  0 . 06'* p i t c h  w ere u sed  so t h a t  o n ly  0. 25“ o f  th e  g r id  h o ld e r  
was d i r e c t l y  h e a te d .  A r e f l e c t o r  p l a t e  made o f  p o lis h e d  alum inium  was 
mounted above th e  h e a t e r  w ire s  and w ith  th e  h e a te r s  o p e r a t in g ,a  te m p e ra tu re  
d i f f e r e n c e  o f  ov er 300°C c o u ld  be  m a in ta in e d  betw een th e  clam ped and h e a te d  
ends o f  th e  h o ld e r .
The te m p e ra tu re  g r a d ie n t  down th e  g r id  h o ld e r  was m o n ito red  by 
fo u r  copper^ -constan tan  therm ocoup les s e t  i n t o  d im ples e q u a l ly  spaced  down 
one edge i n  c lo s e  p ro x im ity  to  th e  g r i d s .  Leads from th e  the rm o co u p les  w ere 
ta k e n  th ro u g h  s e a le d  c o n n e c tio n s  o u ts id e  th e  vacuum chamber to  a  com m ercial 
the rm ocoup le  p o te n tio m e te r  m i l l iv o l tm e te r  (C rop ico ) v ia  a s e l e c to r  s w itc h .
The therm ocoup le  m e te r was p r e - c a l ib r a t e d  and co u ld  d e t e c t  a  1 .0°C change 
o
i n  5^0 C. The s u b s t r a te  assem bly  i s  shown w ith  th e  the rm ocoup les  i n  
p o s i t i o n  b u t th e  r e f l e c t o r  removed i n  P l a t e  3«1« The w hole e v a p o ra tio n  
arran g em en t i s  shown d ia g ra m m a tic a lly  i n  f ig u r e  3*2.
3 *2 .3  M o d if ic a tio n  o f  s u b s t r a te  assem bly  f o r  c r i t i c a l  c o n d e n sa tio n  
experim en ts
A dap ting  th e  assem bly  d e s c r ib e d  above f o r  c r i t i c a l  c o n d e n sa tio n  
s tu d ie s  was a  s im p le  m a t te r ,  th e  EM g r id  h o ld e r  was r e p la c e d  by 3 “ x  1” x  1 mm 
Coining 7059 g la s s  m icroscope s l i d e s .  The s u r fa c e  f a c in g  th e  r a d i a n t  h e a t e r  
was c o a te d  w ith  carbon  from a c o l l o i d a l  g r a p h i te  su sp e n sio n  in  is o p r o p y l  
a lc o h o l to  in c r e a s e  i t s  a b s o rb tio n  o f  r a d i a t i o n  in  a s im i la r  m anner to  F i s h e r  
and A nderson ( 1968) •
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The te m p e ra tu re  g r a d ie n t  was m on ito red  by th e  same co p p er 
c o n s ta n ta n  th e rm o co u p les  b u t  in  th e s e  exp erim en ts  th e y  w ere se c u re d  to  
th e  fa c e  o f  th e  g la s s  s l i d e s  exposed to  th e  s i l v e r  vap o u r by  sm all s p o ts  
o f  c o n d u c tin g  s i l v e r  p a in t#  The co u p le  ends were b e n t upward so t h a t  
v i r t u a l l y  p o in t  c o n ta c t  was a t ta in e d #
3#2#4 E v a p o ra tio n  so u rces
The e v a p o ra to r  was f i t t e d  w ith  two e v a p o ra tio n  so u rc e s  one f o r  
s i l v e r  and th e  o th e r  f o r  s i l i c o n  m onoxide. B oth  were c o n s tru c te d  from 
molybdenum f o i l  and w ere d i r e c t l y  h e a te d  by p a s s in g  c o n t r o l le d  a l t e r n a t i n g  
c u r r e n t .
The so u rce  u sed  f o r  s i l v e r  was o f  th e  Kn^dsen ty p e ,  Knudsen (1909) 
and was c o n s tru c te d  by sp o t w eld ing  two s t r i p s  o f  f o i l  w ide w ith  p re s s e d  
d im p les fa c e  to  f a c e .  One dim ple had a 0 .0 6 “ h o le  d r i l l e d  i n  i t  th ro u g h  
w hich th e  vapour e f fu s e d ,  th e  so u rce  i s  shown in  d e t a i l  i n  f ig u r e  3 « 3 s .
The te m p e ra tu re  o f  th e  so u rce  was m easured by means o f  a  P t ,  P t  13% Rh 
therm ocoup le  sp o t w elded to  i t  and th e  a r r i v a l  r a t e  o f s i l v e r  on to  th e  
s u b s t r a t e  was e s ta b l i s h e d  by means o f  a  q u a r ts  c r y s t a l  m ic ro b a la n c e  a t  a  
number o f  so u rce  te m p e ra tu re s  in  p re -e x p e rim e n t t r i a l s .
The s i l i c o n  o x id e  e v a p o ra tio n  s o u rc e , f i g  3*3"b, was c o n s tru c te d  
in  th e  form  o f  a  tu b e  w ith  a narrow  s l i t  ru n n in g  down i t s  l e n g th .  The 
s i l i c o n  monoxide g r a n u le s ,  a p p ro x im a te ly  l / l 6 "  -  m esh, w ere p re s s e d
in t o  th e  so u rce  p r i o r  to  assem bly  in  th e  e v a p o ra to r .  As w ith  th e  s i l v e r  
e v a p o ra tio n  sou rce  th e  te m p e ra tu re  was m easured by means o f  a  P t ,  P t l btfo Rh 
therm ocoup le  and e v a p o ra tio n  r a t e s  v/ere e s ta b l i s h e d  p r i o r  t o  th e  main 
e x p e rim e n ts . The so u rc e s  w ere s i t u a t e d  a t  6" below  th e  s u b s t r a t e  assem bly  
and a  s h u t t e r  was in c o rp o ra te d  to  i n t e r c e p t  th e  vapour when r e q u i r e d .
3*3 E x p e rim e n ta l Method
3.3..1 S u b s t r a te  p r e p a r a t io n  f o r  n u c le a t io n  experim en ts
The s i l i c o n  ox ide  s u b s t r a te s  were p re p a re d  in  a m anner com m unicated
by W att ( P r iv a te  Communication 1969) a^d th e  s te p s  a re  d ia g ra m m a tic a lly  shown
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i n  f ig u r e  3*4* C lean  co p p er e le c t r o n  m icroscope  g r id s  o f  th e  AEI ty p e ,
3.05 .mm d ia m e te r  were l a i d  on a f in e  n ic k e l  mesh p la tfo rm  m ounted on an 
u p tu rn ed  sq u a t b e a k e r i n  a deep d is h .  The d is h  was p re v io u s ly  f i l l e d  
w ith  d i s t i l l e d  w a te r  w ith  i t s  m eniscus j u s t  p ro u d  o f  th e  to p  r im . G la ss  
ro d s  were drawn a c ro s s  th e  w a te r ’ s s u r fa c e  to  remove any d u s t  th e n  two 
d ro p s  o f  2$> c o l lo d io n  i n  amyl a c e ta t e  v/ere d e p o s ite d  on to  th e  su rfa c e o  
A f te r  d ry in g , th e  c o l lo d io n  f i lm  was removed to  en su re  a  r e a l l y  d u s t  f r e e  
s u r fa c e  th e n  two more d ro p s  o f  s o lu t io n  w ere d e p o s ite d  and l e f t  t o  d ry .
When d ry , th e  w a te r  was siphoned  o u t le a v in g  a  c o l lo d io n  membrane o v e r th e  
g r id s .  The co v ered  g r id s  w ere removed to  an e v a p o ra to r  and a  200 R f i lm  
o f  SiO was d e p o s ite d  on to  th e  c o l lo d io n  membrane.
The com posite  c o a te d  g r id s  w ere l a i d  on a f in e  co p p er mesh 
p la tfo rm  i n  a sm a ll b e a k e r  s i l i c o n  o x ide  u p p erm o st. Amyl a c e t a t e  was 
th e n  c a r e f u l ly  poured  from  a  wash b o t t l e  u n t i l  th e  m eniscus j u s t  to u ch ed  
th e  u n d e rs id e  o f  th e  g r id s .  A f te r  f i f t e e n  m in u tes  th e  c o l lo d io n  was 
d is s o lv e d  le a v in g  a  200 R s e l f  su p p o rtin g  f i lm  o f  s i l i c o n  o x id e .
S u b s tr a te s  form ed in  t h i s  m anner were s t ro n g ,  co n tin u o u s  and 
r e l a t i v e l y  f r e e  from c r e a s e s .  E xam in a tio n  u n d er th e  e le c t r o n  m icro sco p e  
re v e a le d  f a i r l y  c le a n  s u r f a c e s  a lth o u g h  th e r e  w ere a r e a s  o f  s l i g h t  
c o n ta m in a tio n  p ro b a b ly  due to  im p u r i t i e s  l e f t  b eh in d  by th e  e v a p o ra tin g  
amyl a c e t a t e .
3*3*2 C lu s te r  d e n s i ty  v e rs u s  s u b s t r a te  te m p e ra tu re  m easurem ents 
3*3*2.1 P re lim in a ry  ex p erim en ts
P re lim in a ry  ex p erim en ts  w ere c a r r i e d  o u t to  d e te rm in e  th e  m ost 
s u i t a b le  e v a p o ra tio n  and s u b s t r a te  te m p e ra tu re  c o n d i t io n s  f o r  e l e c t r o n  
m ic ro sco p ic  exam ination  o f  s i l v e r  c l u s t e r s .  The c o n d i t io n s  w ere 
( i )  The d e n s i ty  o f c l u s t e r s  shou ld  be random.
( i i )  A t h ig h  te m p e ra tu re s  > 400 C th e  c l u s t e r s  had to  be 
s u f f i c i e n t l y  la rg e  Gt 15 R) to  be o b se rv ed  and num erous enough to  
a llo w  re a s o n a b ly  a c c u ra te  co u n tin g  s t a t i s t i c s . • I f  N i s  th e
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number co u n ted  i n  a  random a r e a  th e n  -  IN/  sh o u ld  n o t  b e  l e s s
w M
/ —10 -  th a n  1 /1 0 . In  p r a c t i c a l  te rm s u s in g  a  10 cm sam ple a re a
> « -2  N ~  10 and g ~  10 cm
( i i i )  A t th e  low  te m p e ra tu re  end o f  th e  g r id  h o ld e r  th e  c l u s t e r
d e n s i ty  had to  b e  such  t h a t  c o a le sc e n c e  d id  n o t  occur*.
C o n d itio n  ( i )  was s a t i s f i e d  by p ro v id in g  a f r e s h  s u r fa c e  o f
s i l i c o n  o x ide  p r i o r  t o  every  n u c le a t io n  ex p e rim en t. T h is  was a c h ie v e d  by  
o
e v a p o ra tin g  a  100 A f i lm  o f  s i l i c o n  ox id e  on to  th e  s u b s t r a te  f i lm  p r i o r  
to  h e a t in g  and s i l v e r  d e p o s i t io n .  I f  t h i s  was n o t done th e n  la r g e  
v a r i a t i o n s  i n  s i l v e r  c l u s t e r  d e n s i ty  due to  some form  o f  im p u r ity  w ere 
o b se rv ed . An example o f  t h i s  e f f e c t  i s  shown in  P l a t e  3*2. The e x a c t 
n a tu r e  o f  th e  *w ater mark* ty p e  o f  s u r fa c e  im p e r fe c t io n  was n o t  
e s ta b l i s h e d  b u t  co u ld  be due t o  r e s id u e  l e f t  by  e v a p o ra te d  a n y l  a c e ta t e  
in a d v e r te n t ly  d e p o s i te d  on th e  s i l i c o n  o x ide  s u b s t r a t e .
C o n d itio n s  ( i i )  and ( i i i )  w ere s a t i s f i e d  a f t e r  a  number o f  
ex p e rim en ta l ru n s  and th e  m ost s u i ta b le  a r r i v a l  r a t e  and d e p o s i t io n  
d u ra tio n  w ere found to  be
»4 -1  - I
q = 2 .2  x  10 atom s cm sec
t  = 60 seconds
3 .3 * 2 .2  E x p e rim e n ta l method u sed  f o r  m easurem ents
Up to  e ig h t  g r id s  w ere u sed  i n  th e s e  ex p erim en ts  w ith  th e
fo llo w in g  g r id  p o s i t i o n s  f i l l e d  ( s e e  f ig u r e  3*1) 1* 2 , 3> 4 ,  6 ,  8 ,  1 0 , 12 .
A f te r  pumping down to  ~  10 t o r r  a  100 ^  s i l i c o n  o x ide  f i lm  was d e p o s i te d .
The h e a t e r  was th e n  sw itch ed  on and an e q u il ib r iu m  te m p e ra tu re  g r a d ie n t
oe s ta b l i s h e d  w ith  th e  h ig h e s t  re c o rd e d  te m p e ra tu re  u s u a l ly  aro u n d  420 C«
A ty p i c a l  te m p e ra tu re  g r a d ie n t  cu rv e  i s  shown in  f ig u r e  3*5* S i l v e r  was
*4 j i  - i
th e n  d e p o s ite d  a t  2 .2  x  10 atom s cm sec f o r  60 seco n d s . A f te r
c o o lin g ^ th e  g r id s  w ere removed f o r  ex am in a tio n  i n  th e  Siem ans E lim skop
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Distance^, downholder tlcm.
Ficj. 3 *t> Typical temperolure gradient
doNn B.M. h o ld e r  A measured poin ts
& positions o f  Cjrids
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Plate b-2 Ef fect s  o f  impurities 
on Silver duster density  on Si O
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e le c t r o n  m icroscope u n d e r th e  fo llo w in g  c o n d it io n s
E le c tro n  energy 100 keV
M a g n if ic a tio n 320,000 a t  p r i n t
Minimum r e s o lu t io n ~  15 ^
The c l u s t e r  d e n s i ty  was e s ta b l i s h e d  from  th e  p r i n t  by  c o u n tin g  
-10 2
o v er a  10 cm a re a  p la c e d  a t  random in  a t  l e a s t  th r e e  p o s i t io n s #
3*3*3 C lu s te r  d e n s i ty  v e rs u s  d e p o s i t io n  d u ra t io n
B oth  Z in s m e is te r  (1968) and Chapman and Jo rd a n  (19&9) p r e d i c t
a  change i n  a  c l u s t e r  d e n s i ty  v e rs u s  d e p o s i t io n  d u ra t io n  t h a t  v a r i e s
w ith  th e  p ro c e s s e s  g o v ern in g  th e  s in g le  atom p o p u la t io n ,  see  e q u a tio n s
2 .2 0  -  2 .2 3 . I n  th e s e  experim en ts  th e  c l u s t e r  d e n s i ty  v e rs u s  d e p o s i t io n
d u ra t io n  was e s ta b l i s h e d  a t  th r e e  te m p e ra tu re s  690°K,611°K and 548°K#
I n  th e  h ig h e s t  te m p e ra tu re  s tu d y  th e  s i l v e r  atom a r r i v a l  r a t e  was u s u a l ly  
14 -2 -I
s e t  a t  9 x  10 atom s cm sec and th e  d u ra t io n  v a r ie d  betw een 20 and 
60 seco n d s.
I n  th e  low er te m p e ra tu re  s tu d ie s  i t  was n o t  p o s s ib le  to  f in d  a 
c o n s ta n t  a r r i v a l  r a t e  t h a t  gave a  non c o a le s c in g  c l u s t e r  d e n s i ty  o v e r a 
w ide enough ra n g e  o f  d e p o s i t io n  d u r a t io n .  F o r t h i s  re a so n  th e  experim en t 
was conducted  w ith  q t = c o n s ta n t  and g was s tu d ie d  in  r e l a t i o n  to  t#
As w ith  th e  p re v io u s  ex p erim en ts  a  100 £  s i l i c o n  o x id e  f i lm  was 
d e p o s ite d  p r i o r  to  h e a t in g  and s i l v e r  d e p o s i t io n .  The c l u s t e r  c o u n tin g  
p ro c e d u re  was a s  i n  3*3*2#2.
3*3*4 The c r i t i c a l  c o n d e n sa tio n  ex p erim en ts
F o r  th e s e  ex p erim en ts  th e  g r id  h o ld e r  was r e p la c e d  by  C om ing
7039 g la s s  s l i d e s  a s  d e s c r ib e d  i n  3*2*3* A f te r  pumping down to  10 t o r r
a  100 1  s i l i c o n  ox ide f i lm  was p u t down on th e  u n d e rs id e  fa c e  o f  th e  s l i d e .
The r a d ia n t  h e a te r  was ru n  up u n t i l  a  te m p e ra tu re  g r a d ie n t  o f  2f50°C to  
o
ab o u t 100 C e x is te d  down th e  s l i d e  and te m p e ra tu re s  were reco rd ed #
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E v a p o ra tio n s  o f  s i l v e r  "between 2 x  10 and 7 x  10 atom s cm sec
were c a r r i e d  o u t a t  v a ry in g  d u ra t io n s  such t h a t  a  c l e a r l y  v i s i b l e  d e p o s i t
o f  s i l v e r  was observed  a t  th e  co ld  end o f  th e  slide*. A f te r  c o o l in g j th e
s l i d e  was removed to  a  m icro p h o to m eter w here w h ite  l i g h t  t r a n s m is s io n  was
n o rm a lise d  to  100^ th ro u g h  th e  c l e a r  SiO c o a te d  s lid e *  The s l i d e  was
scanned from th e  h e a te d  end tow ard  th e  c o ld  end and th e  p o in t  n o te d  w here
th e  tr a n s m is s io n  f e l l  from 100^ to  99/^. T h is  p o s i t i o n  was r e l a t e d  to  a
p l o t  o f  th e  te m p e ra tu re  g r a d ie n t  and th e  r e s u l t i n g  te m p e ra tu re  ta k e n  as
th e  c r i t i c a l  v a lu e  f o r  c o n d e n sa tio n  a t  th e  r a t e  employed* The a c c u ra c y
i n  te m p e ra tu re  m easurem ent was betw een 5°C and 7°C* A t y p i c a l  p l o t  o f
te m p e ra tu re  g r a d ie n t  and p e rc e n ta g e  tra n s m is s io n  i s  shown i n  f ig u r e  3*6.
3*4 E x p e rim e n ta l R e s u l t s  and d is c u s s io n
3*4.1 C lu s te r  d e n s i ty  v e rs u s  s u b s t r a te  te m p e ra tu re
The r e s u l t s  o f  m easurem ents ta k e n  on th r e e  s e p a ra te  o c c a s io n s
a r e  p l o t t e d  a s  lo g  g v e r s u s  10 /T  i n  f ig u r e  3*7 and exam ples o f  s i l v e r
cL l0££ f?c l u s t e r s  a r e  seen  in  P l a t e  3*3* I t  can  be  seen  t h a t  th e  v a lu e  T r ."7£vd U /T ;
i s  alw ays p o s i t i v e ,  b u t  v a r i e s  c o n s id e ra b ly  w ith  s u b s t r a t e  te m p era tu re*
10*
T here  a r e  two d i s t i n c t  l i n e a r  re g io n s :  when ——-  £  1*55 th e  g r a d ie n t  i s
z  /  > /•s te e p  and c o rre sp o n d s  to  an a c t iv a t io n  energy  o f  2*42 eV* Y/ith 10 /T  ~1*6
th e  g r a d ie n t  i s  f a r  l e s s  p ronounced . T h is  ty p e  o f  dependance i s  q u a l i t a t iv e l y .
p r e d ic te d  i n  p a r t  by th e  Chapm an-Jordan th e o ry  a s  shown i n  f ig u r e  2 .2*  I f  i t
3 S
i s  a s su m e !th a t th e  lo g  g v e r s u s d e p e n d a n c e  f o r  ^ 1*6 i s  governed  by
e q u a tio n  2.21 E j  can be E stim a ted  from th e  s lo p ean d  from  th e  v a lu e  o f
10* ' 5 - 2
lo g  g a t  - j -  = 0 ; w ith  N0 = 10 cm , Ed i s  found a  0.1 eV and
JO - l  t r  \v ~ 3.5 x  10 sec • Chapman (1 9 °9 ; assum ing London d is p e r s io n  i n t e r -
1-
a c t io n s  betw een s i l v e r  atom s and th e  0 io n s  o f  a s i l i c a  s u r f a c e  h a s  
c a lc u la te d  an Eft v a lu e  o f  0*37 eV and th e  g e n e r a l ly  a c c e p te d  v a lu e  f o r  E^ 
i s  betw een E /^3 and \ / 4  , Lew is and Cam pbell (19& 7), s0 v a lu e  o b ta in e d
in  th e s e  ex p erim en ts  i s  r e a s o n a b le .  The g e n e r a l ly  a c c e p te d  v a lu e  f o r  th e  
fu n d am en ta l f r e q u e n c ie s  a s s o c ia te d  w ith  a d -a to m /s u rfa c e  i n t e r a c t i o n  i s
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b) T= 61 3 K g =  9 . 5  xio"*
c) T = 5 6 5 ° K  g =  1 - 3 x 1 0
Plate 5.0 Typical P\q dusters
varic usSubslmtc tempera
10 — 10 sec b u t  d e  B oer (19&8) h a s  shown th a t  on t h e o r e t i c a l  g rounds
v a r i a t i o n s  o f  o v e r an o rd e r  o f  m agn itude e i t h e r  s id e  o f  t h i s  ran g e  w ould 
b e  a c c e p ta b le *  F u rth e rm o re , Hudson and S an d e jas  (19&7) have d i r e c t l y
m easured vp f o r  cadmium im p ing ing  on tu n g s te n  and f in d  v a lu e s  betw een
9 id _i
7*05 x  10 and 1 ,0 6  x  10 sec so th e  e s t im a te d  v a lu e  f o r  ■ v i s  c o n s id e re d
a c c e p ta b le ,
  ................................................ 3 3
10 10 I f  i t  i s  assum ed t h a t  th e  lo g  g v e rs u s  dependance f o r  /^,
&  1 .5 2  can be e x p la in e d  by  e i t h e r  e q u a tio n  2 ,20  o r  2 .2 4  Ea and Vc can b e
e s tim a te d  by  in s e r t i n g  th e  deduced v a lu e s  f o r  E_j a n d ^  • I f  i t  i s  assum ed
th a t  e q u a tio n  2 ,20  e x p la in s  th e  h ig h  te m p e ra tu re  b e h a v io u r  th e n  on i n s e r t i n g
th e  deduced v a lu e s  f o r  E, andV E = 1 . 2  eV and V  = 3*6 x  10 sec  ,ct » c\ °
b u t i f  th e  same E . and V v a lu e s  a re  i n s e r t e d  e q u a tio n  2 .2 4  E = 0 .3  eV
Cl | CL
io _!
and vc = 1 .4  x  10 sec • The a d s o rb tio n  energy  and fu n d am en ta l fre q u e n c y
v a lu e s  deduced from  th e  e q u a tio n  2 .2 0  c a l c u la t io n  a r e  b o th  to o  la r g e  b e a r in g  
i n  mind th e  d is c u s s io n  above b u t th e  v a lu e s  d e r iv e d  by  assum ing t r i p l e t  s t a b l e  
a re  q u i te  a c c e p ta b le .
10* <
T hese r e s u l t s  su g g e s t t h a t  when'“7jr" ~  1*52 th e  s t a b l e  n u c le u s  i s
a  t r i p l e t  and th e  s in g le  atom p o p u la t io n  i s  governed  by r e - e v a p o r a t io n  
•3 
10b u t  when ^ 1 , 6  th e  s ta b l e  n u c le u s  i s  a  d o u b le t and th e  s in g le  atom  
p o p u la t io n  i s  d e te rm in ed  by c a p tu re  i n to  s t a b l e  c l u s t e r s .  I t  i s  r e a s o n a b le  
.to  conclude  t h a t  th e  te m p e ra tu re  re g io n  o v er w hich ( i*  + 1) = 2 and r e ­
e v a p o ra tio n  governs th e  s in g le  atom p o p u la t io n  i s  sm a ll.  I f  t h i s  i s  so
10th e n  a t  — - ~  1 ,6  a  change must o ccu r in  th e  p ro c e s s  g o v e rn in g  th e  s in g le
atom p o p u la t io n ,  c a p tu re  i n t o  s ta b le  n u c l e i  sh o u ld  become th e  dom inan t
p r o c e s s .  The e x p re s s io n  d e s c r ib in g  t h i s  t r a n s i t i o n  may b e  o b ta in e d  by
e q u a tin g  e q u a tio n  2 o20 and 2.21 and from  t h i s  a n o th e r  vc v a lu e  may b e
*  -1
e s t im a te d ,  t h i s  v a lu e  i s  found to  be  v ~  4  x 10 sec . A lthough  t h i s  
fre q u e n c y  i s  w ith in  th e  a cc ep ted  ra n g e  i t  does d i f f e r  by  o v e r t h r e e  o rd e rs
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o f  m agnitude from  th e  v a lu e s  d e r iv e d  above* Poppa (196?) ancl M o rris
and H ines (1970) have r e p o r te d  s im i la r  anom alies when com paring e x p e rim e n ta l
r e s u l t s  w ith  W alton ’ s (19&2) th e o ry .
T h is  anom alous v a lu e  o f  v i s  n o t e a sy  to  e x p la in  and n eeds 
f u r t h e r  i n v e s t i g a t io n .  I t  i s  n o t th o u g h t to  be due to  e x p e rim e n ta l e r r o r s  
b eca u se  o f  th e  re a s o n a b le  agreem ent betw een v and vt o b ta in e d  from  
r e g io n s  where th e  p ro c e s s e s  g o v ern in g  th e  s in g le  atom p o p u la t io n  a r e  so 
o b v io u s ly  d i f f e r e n t .  The t h e o r e t i c a l  tre a tm e n t may be in e x a c t  a t  
t r a n s i t i o n  re g io n s  b u t  to  p u rsu e  t h i s  l i n e  would b e  beyond th e  scope o f  
t h i s  p r o j e c t .
3*4*2 C lu s te r  d e n s i ty  v e rs u s  d e p o s i t io n  d u ra t io n
3*4*2.1 High te m p e ra tu re  re g io n
T hree  e x p e rim e n ta l s e t s  w ere ta k e n  a t  a s u b s t r a t e  te m p e ra tu re  o f
690°K w ith  an a r r i v a l  r a t e  o f  8 x  10^ atom s sec cm?’ and d u r a t io n s  betw een
20 and 60 seco n d s , w hich a re  numbered 1 t o  3 on f ig u r e  3*8* P o in t  4  was
ta k e n  a t  670°K w ith  th e  same a r r i v a l  r a t e  and in  t h i s  c a se  th e  m easured
c l u s t e r  d e n s i ty  was n o rm a lise d  to  690°K u s in g  e q u a tio n  2.24 and th e  d e r iv e d
e n e rg ie s  Ea  = 0 .3  eV and E^ = 0.1  eV. The s t r a i g h t  l i n e  drawn in  on th e
g rap h  i s  f o r  a  g = k t  r e l a t io n s h ip  and i t  can be seen  t h a t  th e  e x p e r im e n ta l
p o in t s  l i e  q u i te  c lo s e  t o  t h i s  c u rv e . The r e l a t i v e l y  low v a lu e  o f  p o in t  3
co u ld  be  a m a n ife s ta t io n  o f  th e  change i n  dominance o f  th e  s in g le  atom
p o p u la t io n  from r e - e v a p o ra t io n  to - c a p tu r e .
3 .4 * 2 .2  Low te m p e ra tu re  re g io n
These exp erim en ts  w ere c a r r i e d  o u t a t  two s u b s t r a t e  te m p e ra tu re s
T = 611°K and 548°K. E o r th e  re a so n s  p o in te d  ou t in  s e c t io n  3*3*3 th e
p a ra m e te r  s tu d ie d  was g v e rs u s  t  w ith  q t  = c o n s t .  Assuming th e  c o r r e c t -
-»/3
n e s s  o f  th e  Chapm an-Jordan th e o ry  g = c o n s t* t
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The r e s u l t s  o f  fo u r  ru n s  a r e  shown i n  f ig u r e  3*9 w ith  a  t
dependance l i n e  f o r  co m parison . A gain th e r e  i s  re a so n a b le  agreem ent
betw een th e  e x p e rim e n ta l r e s u l t s  and th e  t h e o r e t i c a l  p r e d ic t io n s  a lth o u g h
th e  app roach  ad o p ted  can n o t r i g o r o u s l y  v e r i f y  th e  th e o ry  b e c a u se  i t  has to
Vsbe assum ed t h a t  g v a r i e s  a s  a , and t h i s  f a c t  h a s  n o t been  v e r i f i e d *
3*4*3 Summary and d is c u s s io n  o f  n u c le a t io n  r e s u l t s
B e fo re  d e s c r ib in g  th e  c r i t i c a l  c o n d e n sa tio n  r e s u l t s ,  th o s e  o b ta in e d  
so f a r  w i l l  be sum m arised and t h e i r  r e l i a b i l i t y  d iscu ssed *
(a )  C lu s te r  d e n s i ty  v e rs u s  s u b s t r a t e  te m p e ra tu re
The g v e rs u s  T c h a r a c t e r i s t i c  i s  e x p la in e d  w e ll  by  th e  
Chapm an-Jordan th e o ry . Z in sm e is te r* s  th e o ry  can n o t e x a p l in  th e  
l a r g e  a t  h ig h  te m p e ra tu re s  b eca u se  o f  h i s  r e s t r i c t i o n
co n ce rn in g  th e  s t a b l e  d o u b le t .
The anom alies  found i n  c a l c u la t in g  v can n o t y e t  be  e x p la in e d  
and i t  i s  su g g e s te d  t h a t  e f f o r t  i s  needed to  r e f i n e  th e  th e o ry .
I t  i s  th o u g h t t h a t  o v e r a l l  th e  r e s u l t s  a r e  r e l i a b l e  a s  a  
l a r g e  number o f  p o in t s  w ere ta k e n . I t  i s  co n cluded  t h a t  v a lu e s  
o f  a c t i v a t io n  energy  and fun d am en ta l f r e q u e n c ie s  f o r  s i l v e r  
condensing  on s i l i c o n  o x ide  a r e  a s  fo llo w s :
■Ett = 0 .3  eV
Ed = 0 .1 0 0  eV
Vc
«o _l 
= 1 .4  x  10 sec
v.
10 -l
= 3«5 x  10 sec
( t )  C lu s te r  d e n s i ty  v e rs u s  d e p o s i t io n  d u ra t io n
A gain th e  r e s u l t s  f i t  th e  Chapm an-Jordan p r e d i c t i o n s  q u i te
Vsw e l l ,  b u t a t  low te m p e ra tu re s  and th e  g a q v a r i a t i o n  was 
assumed so th e  check on th e o ry  i s  n o t r ig o r o u s .  A lthough  th e
6 0
number o f  p o in t s  ta k e n  was sm a ll and th e  r e l i a b i l i t y  n o t  
c o n s id e re d  a s  h ig h  a s  i n  th e  p re v io u s  r e s u l t s ,  i t  i s  concluded  
t h a t  th e  n u c le a t i^ o n  r a t e  i s  g r e a t e r  a t  h ig h e r  s u b s t r a t e  
te m p e ra tu re s .  T h e re fo re  th e  p ro c e s s e s  govern in g  th e  s in g le  
atom p o p u la t io n  d e te rm in e  th e  n u c le a t io n  r a t e .
3o4*4 C r i t i c a l  c o n d e n sa tio n  r e s u l t s  and d is c u s s io n
A t o t a l  o f  e ig h t  v a lu e s  o f  c r i t i c a l  c o n d e n sa tio n  te m p e ra tu re  w ere
xb ‘4  -i
o b ta in e d  f o r  atom a r r i v a l  r a t e s  betw een 10 and 7 x  10 atom s cm sec
3
10 .and th e s e  a re  p l o t t e d  a s  lo g  q v e rs u s  —j — i n  f ig u r e  3 e10 . The fo u r  p o in t s  
marked w ith  c ro s s e s  w ere o b ta in e d  w ith  th e  same e v a p o ra tio n  so u rce  a s  u sed  
i n  th e  n u c le a t io n  e x p e r im e n ts , th e  re m a in in g  fo u r  p o in t s  w ere o b ta in e d  on 
a  d i f f e r e n t  o cca s io n  u s in g  a  d i f f e r e n t  so u rc e .
Comparing th e s e  r e s u l t s  w ith  th o s e  o b ta in e d  in  th e  n u c le a t io n  e x p e r i­
m ents i t  i  s found  t h a t  f o r  th e  same a r r i v a l  r a t e  th e  r e c i p r o c a l  o f  c r i t i c a l
+ o - *te m p e ra tu re  i s  1 .5 4  -  0 .01 x  10 K « T h is  p o in t  f a l l s  ab o u t midway betw een 
th e  two l i n e a r  p o r t io n s  on th e  n u c le a t io n  d e n s i ty  cu rve  o f  f ig u r e  3*7 so 
co u ld  c e r t a i n l y  r e p r e s e n t  a  i*  = 1-»2 t r a n s i t i o n .  F u r th e r  com parisons
have been  made by  f i t t i n g  a  c o n d e n sa tio n  energy  to  th e  e x p e r im e n ta l 
r e s u l t s  u s in g  e q u a tio n  2 .3 .  The c o n d e n sa tio n  en erg y  has been  made up o f  
th e  v a lu e  o f  a d s o rb t io n  energ y  o b ta in e d  by th e  n u c le a t io n  ex p e rim e n ts  and 
th e  known d o u b le t bond energy  ( i e  ( 1 .6  + 0 .3 )  eV ). T h is  l i n e  i s  shown i n  
f ig u r e  3*10 and th e  s ta n d a rd  d e v ia t io n  o f  e x p e rim e n ta l p o in t s  from  i t  h as  
been  e s ta b l i s h e d  a s  12. 6^ ,  so i t  would a p p ea r t h a t  th e  c r i t i c a l  c o n d e n sa tio n  
te m p e ra tu re  i s  governed  by th e  i*  = 1 •* 2 t r a n s i t i o n .
I t  m ust b e  p o in te d  ou t t h a t  n o t  a l l  r e s e a r c h e r s  have d e r iv e d  such 
a  h ig h  v a lu e  f o r  co n d e n sa tio n  energy ' o f  s i l v e r  on g la s s y  s u b s t r a t e s .  F o r  
exam ple Benjam in and Weaver (1959) found 'E  rJ 0 .1 4  eV, an u n a c c e p ta b le  v a lu e  
b e a r in g  i n  mind th e  known d o u b le t bond en erg y . T h e ir  manner o f  d e t e c t in g  
th e  o n se t o f  d e p o s i t io n  was by  a sudden d e c re a se  i n  e l e c t r i c a l  r e s i s t a n c e
lili
I t\0 m -
„FtCj 3 do  Cri tica l  C o n d e n s a t i o n  r e s u l t s
3 /
p l o t t e d  as  loy  ^ versos iofr%. Line 
has slope o f  Ec made up o f  m to sored 
Ea value ( 0 ‘3 eV ) and after fckermann etaI
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due to  th e  co ndensing  f i lm  a s  th e y  slo w ly  in c re a s e d  th e  e v a p o ra tio n  r a te *  
N eugebauer ( 1964) shows t h a t  th e  c r i t i c a l  f i lm  th ic k n e s s  f o r  c o n d u c tio n
in  a n o n -c o n tin u o u s  f i lm  i s  s u b s t r a t e  te m p e ra tu re  dependen t and th e  
c r i t i c a l  th ic k n e s s  in c re a s e s  w ith  tem p era tu re*  I t  i s  p ro b a b le  t h a t  Benjam in 
and Y/eaver w ere in d e e d  m easuring  som ething r e l a t i n g  to  t h i s  phenomena 
r a t h e r  th a n  th e  t r u e  c r i t i c a l  c o n d e n sa tio n  a r r i v a l  r a te *  E x p erim en ts  w ere 
c a r r i e d  o u t u s in g  th e  Benjam in-W eaver m ethod in  t h i s  p r o j e c t  and a r e  
re p o r te d  i n  A ppendix A1 • The r e s u l t s  a r e  o f  th e  same o rd e r  o b ta in e d  by  • 
B enjam in and Weaver b u t  show la r g e  ano m alie s  when s tu d ie d  in  d e t a i l *  I t  
i s  co n cluded  t h a t  th e  method and th e r e f o r e  th e  r e s u l t s  a re  u n r e l ia b le *
B e n n e tt e t  a l  ( 1962) a l s o  m easured a  low E^ v a lu e  f o r  s i l v e r  on 
g la s s  (~  0 .21 eV ), t h e i r  c o n d e n sa tio n  d e te c t io n  method e n t a i l e d  e v a p o ra tin g  
f o r  a  f ix e d  tim e  w ith  v a r io u s  s u b s t r a te  te m p e ra tu re s  th e n  v i s u a l l y  
examinin g  th e  s u b s t r a te  f o r  s ig n s  o f  d e p o s it io n *  Such a  m ethod i s  v e ry  
s u b je c t iv e  and may have le a d  to  s e r io u s  e r r o r s .
Komnik ( 1965) how ever, u s in g  a  te m p e ra tu re  g r a d ie n t  m ethod, 
quo ted  co n d en sa tio n  e n e rg ie s  f o r  B i ,  Sn and Sb on v a r io u s  i n s u l a t o r s  o f  
betw een 1*7 and 1*9 eV* These v a lu e s  a r e  o f  th e  same o rd e r  a s  th e  
c a lc u la te d  d o u b le t bond e n e rg ie s  f o r  th e  m a te r ia ls  c o n s id e re d  a c c o rd in g  to  
Y erhaegen e t  a l  ( 1962) .
3*5 C o n c lu sio n s
The r e s u l t s  su g g es t t h a t  a com bination  o f  n u c le a t io n  and c r i t i c a l
co n d e n sa tio n  s tu d ie s  could: be u s e f u l l y  employed i n  o b ta in in g  v a lu e s  o f  
d o u b le t bond en erg y  f o r  some e le m e n ts . T h is  p a ra m e te r  i s  n o t  e a sy  to  
m easure and r e l i a b l e  v a lu e s  a re  fun d am en ta l to  u n d e rs ta n d in g  th e  fo rm a tio n  
o f  th e  s o l id  s t a t e .
The work d e s c r ib e d  in  t h i s  c h a p te r  h a s  shown t h a t  s i l v e r  on s i l i c o n  
o x id e  i s  a s u i t a b le  co m bination  f o r  th e  p r e f e r e n t i a l  d e p o s i t io n  s tu d ie s  
and n o t on ly  was i t  c o n s id e re d  u s e f u l  to  a t te m p t to  f o r e c a s t  th e  b e h a v io u r  
o f  o th e r  c o n d e n s a te /s u b s t r a te  p a i r s  b u t  i t  was n e c e s s a ry  t o  e v a lu a te
elem en ts  s u i t a b le  a s  d o p an ts  f o r  p r e f e r e n t i a l  d e p o s i t io n .  T h is  r e q u ir e d  
v a lu e s* o f  a d s o rb t io n  energy  and e x p e rim e n ta l v a lu e s  a re  uncommon. The E a 
v a lu e  d e r iv e d  by  n u c le a t io n  s tu d ie s  ag ree d  w e ll  w ith  th e  c a l c u la te d  v a lu e  
o f  Chapman (1 969) so i t  was d ec id ed  to  examine and ex tend  h i s  c a l c u la t io n s  
t o  o th e r  e le m e n ts . These c a lc u la t io n s  w i l l  be d e s c r ib e d  i n  th e  fo llo w in g  
c h a p te r .
Comparing th e  c r i t i c a l  c o n d e n sa tio n  and n u c le a t io n  r e s u l t s  i t  i s  
e v id e n t t h a t  th e  i*  = 1-* 2 t r a n s i t i o n  i s  r e s p o n s ib le  f o r  a  c r i t i c a l  change
i n  n u c le a t io n  d e n s i ty .  T h is  change i s  so marked t h a t  i t s  e f f e c t s  a r e  
m a n ife s t  a t  much l a t e r  s ta g e s  i n  d e p o s i t io n .
I t  i s  concluded  t h a t  f o r  s i l v e r  on s i l i c o n  ox ide  th e  n u c le a t io n  
b e h a v io u r  i s  w e ll  e x p la in e d  by th e  Chapm an-Jordan (19^9) th e o ry  and th e  
c r i t i c a l  c o n d e n sa tio n  b e h a v io u r  by th e  F re n k e l  (1924) th e o ry .
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CHAPTER IV
• A d so rb tio n  and C ondensa tion  E nergy C a lc u la t io n s  
4-.1 D is p e rs io n  F o rces
4*1•1 E v idence  o f  d is p e r s io n  fo r c e s  betw een t h i n  f i lm s  and g la s s y
s u b s t r a te s
Weyl (1946) was p ro b a b ly  th e  f i r s t  to  su g g e s t t h a t  th e  i n i t i a l
I
i n t e r a c t io n  fo r c e s  betw een m e ta l f i lm s  and g la s s  s u r fa c e s  w ere o f  th e  
Van d e r  Waal ty p e ,  and b ecau se  o f  th e  e l e c t r i c a l  n e u t r a l i t y  o f  th e  
a d so rb in g  atom s th e  i n t e r a c t i o n  m ust be o f  th e  d is p e r s io n  form .
T h is  h as  now become f a i r l y  w id e ly  a c c e p te d  and some r e s e a r c h e r s  have 
a tte m p te d  to  c o r r e l a t e  th e  ad h e s io n  o f  th e  th i n  f i lm  to  th e  s u r fa c e  
a d s o rb tio n  energy  by m easuring  th e  ad h es io n  energy  and com paring t h i s  w ith  
c a lc u la t io n s  o f  a d s o rb tio n  en e rg y . B enjam in and W eaver a tte m p te d  
c a l c u la t io n s  o f  E^ and compared th e s e  v a lu e s  w ith  m easurem ents o f  f i lm  
a d h e s io n , B enjam in and We a v e r  (19594) ( 1 9 6 1 ) .  R e c e n tly  Chapman (19&9) ^ a s  
c a r r i e d - o u t  an e x te n s iv e  s tu d y  o f  t h i n  f i lm  a d h es io n  m easurem ents and h as  
a ls o  c a r r i e d  ou t d is p e r s io n  energy  c a l c u la t io n s .  B ecause h i s  c a lc u la te d  v a lu e  
o f  Ea f o r  s i l v e r  a g re e s  so c lo s e ly  w ith  th e  e x p e rim e n ta l v a lu e  i n  C h ap te r 3 
h i s  m ethods o f  c a lc u la t io n  w i l l  be  ex tended  to  o th e r  e lem en ts  i n  t h i s  c h a p te r .  
However b e fo re  d is c u s s in g  h i s  work th e  q u a n t i t a t i v e  e x p re s s io n s  f o r  d is p e r s io n  
i n t e r a c t io n  betw een atoms and s u r fa c e s  w i l l  b e  rev iew ed  and B enjam in and 
W eavers c a l c u la t io n  w i l l  be a n a ly s e d .
4-*1*2 Q u a n t i ta t iv e  e x p re s s io n s  f o r  d is p e r s io n  fo r c e s  
4*1*2.1 P o l a r i z a b i l i t y
Van d e r  Waal fo rc e s  to g e th e r  w ith  o th e r  bonding  f o r c e s  betw een 
atoms a re  e l e c t r o n ic  by n a tu r e .  I n  th e  c a se  o f  p u re ly  p h y s ic a l  i n t e r a c t i o n s  
th e r e  i s  no e le c t r o n  s h a r in g  betw een i n t e r a c t i n g  system s a s  i n  io n ic  o r  
c o v a le n t bonding  and th e  i n t e r a c t i n g  atom s o r  m o lecu les  rem ain  d i s c r e t e  
though  i n  an energy  h ig h e r  th a n  th e  g round  s t a t e .  I f . a n  -atom i s  s u b je c te d  
to  an e x te r n a l  e l e c t r i c  f i e l d  th e n  th e  c i r c u l a t i n g  e le c t r o n s  can become
d is p la c e d  from  t h e i r  ground s t a t e  p o s i t i o n s  and a d ip o le  i s  in d u c e d  i n  th e  
atom .  ^ The s t r e n g th  o f  t h i s  d ip o le  Ja i s  r e l a t e d  t o  th e  a p p l ie d  f i e l d  
by th e  sim ple r e l a t i o n s h ip
|A = Co f- £Si> c m .  ■ . . .  ( 4 * 1 )
w here ol i s  d e f in e d  a s  th e  a tom ic o r  m o le c u la r  p o l a r i z a b i l i t y .
An e x p re s s io n  f o r  th e  atom ic p o l a r i z a b i l i t y  o f  a  n e u t r a l  atom i s
z.
d  =■ ——  ^ • • •  (4*2)
4 ‘ir
w here e i s  th e  e l e c t r o n i c  c h a rg e , m i s  th e  e l e c t r o n ic  mass and ^  i s  a  
fre q u e n c y  c h a r a c t e r i s t i c  to  th e  atom .
4 *1*2 .2  The London d is p e r s io n  in t e r a c t i o n  eq u a tio n
I n  an a t te m p t to  e x p la in  th e  a t t r a c t i v e  i n t e r a c t io n s  betw een  
n e u t r a l  r a r e  g as  atom s London (1937) t r e a t e d  atom s a s  f l u c t u a t i n g  p o la r  
system s and u sed  quantum m echanics to  q u a n t i t a t iv e ly  e x p re s s  th e  in te r a c t io n *  
I f  \£. and ^  a r e  th e  c h a r a c t e r i s t i c  f r e q u e n c ie s  o f  th e  i n t e r a c t i n g  atom s 
and ^  ,  0(z a re  t h e i r  p o l a r i z a b i l i t i e s  th e n  th e  a t t r a c t i v e  i n t e r a c t i o n  en erg y  
betw een th e  two atom s i s  g iv en  by
. . .  ( 4 .3 )E -  - H /  <>
L K  +  u
w here  i s  th e  a to m ic  s e p a ra t io n  and h  i s  P la n k s  c o n s ta n t 
London su g g e s te d  t h a t  f o r  n e u t r a l  atom s
K v  ^  fc 1 • • •  (4*4)
w here  E^ i s  th e  f i r s t  i o n i z a t io n  p o t e n t ia l  o f  th e  a tom .
I t  h as  o f te n  been  found t h a t  th e  t h e o r e t i c a l  v a lu e s  f o r  London 
fo rc e s  a r e  l e s s  th a n  th o se  o b ta in e d  e x p e r im e n ta lly  and D onath (1958) su g g e s te d  
th a t  2 E- i s  a  more r e a l i s t i c  v a lu e  f o r  c a lc u la t io n  o f  \)
I c  .
4*1*2 .3  The Kirkwood M u lle r  e q u a tio n  (1936)
Kirkwood and M u lle r  p a r t l y  b y -p a s se d  th e  u n c e r t a in ty  o f
»
c h a r a c t e r i s t i c  f r e q u e n c ie s  by e x p re s s in g  th e  d is p e r s io n  energy  in  term** 
o f  d ia m ag n e tic  s u s c e p t i b i l i t y  and t h e i r  e q u a tio n  f o r  th e  i n t e r a c t i o n  
i s
~  —  ■+ ' ■  • • •
/ :  k
w here i s  th e  d ia m ag n e tic  s u s c e p t i b i l i t y  and c th e  v e lo c i ty  o f  l i g h t  i n  
a  vacuum.
M argenau (1939) c r i t i c i s e d  t h i s  e q u a tio n  b u t  P i t z e r  (1959) 
c la im s  t h a t  good r e s u l t s  may be o b ta in e d  when d e a l in g  w ith  s p h e r ic a l ly  
sym m etrica l m o le c u le s .
4**U2.4 R e p u ls iv e  i n t e r a c t i o n
So f a r  n o th in g  h a s  been  s a id  ab o u t th e  r e p u ls iv e  energy  in v o lv e d  
in  th e s e  i n t e r a c t i o n s .  B e s id e s  th e  f l u c t u a t i n g  d ip o le - d ip o le  i n t e r a c t i o n  
quoted above th e r e  a re  o th e rs  in v o lv e d  w ith  h ig h e r  m u l t ip o le s .  The t o t a l  
i n t e r a c t i o n  f o r  a to m ic -a to m ic  system s i s
_G : -8  -(4 + 2 n ) - n .  , , ,
E ( t )  -  -  { C, T -j. T + < ; „ ! •  . . .  - I I t .  f
where th e  r e f e r  t o  quadrupole and  h ig h e r  m u lt ip o le  i n t e r a c t i o n s  and
-n.
R r  i s  a  r e p u ls iv e  te rm . F o r tu n a te ly  i t  i s  u s u a l  t h a t
~(o _ n  . .
C ,T  Z- ~  R v •** (4*7)
so th e  r e p u ls iv e  and h ig h e r  m u ltip o le  i n t e r a c t i o n s  can be n e g le c te d .
4*1*2 .5  I n t e r a c t i o n s  betw een ad-atom s and s u r f a c e s
Y/hen th e  fo r c e s  betw een atom s and s u r f a c e s  a re  c o n s id e re d  th e  
problem  becomes one o f  a  m u lti-a to m ic  in t e r a c t io n *  In  th e  c a se  o f  a 
r e g u la r  o rd e re d  s u r fa c e  th e  t o t a l  i n t e r a c t i o n  energy  betw een th e  s in g le
Crys ta l lire Silica network o f  tar  
ZadiQciosen ( l$3o) assumed by Benjamin y  
Y/ccivcr ( J(j5(j ) in their odsotbfion energy 
C q /c u !q  / ions
ad-atom  and s u r fa c e  w i l l  "be
_4>
E t  = X c  r r • • •  (*<~8)
c
where i  i s  th e  number o f  s u r fa c e  atom s ta k in g  p a r t  i n  th e  i n t e r a c t i o n
fk
and Tp i s  th e  s e p a ra t io n  betw een th e  ad-atom  and th e  P s u r fa c e  atom
' c
and C i s  th e  c o n s ta n t  in  th e  e x p re s s io n  E = -  “^ 5
E ^  can be  c a lc u la te d  g e o m e tr ic a l ly  f o r  any i  v a lu e  i f  know ledge
o f  th e  s u r f a c e  a tom ic s e p a ra t io n s  i s  known
However such a  c a l c u la t io n  i s  n o t  p o s s ib le  when th e  s u r fa c e  i s  
amorphous and th e  a tom ic s e p a ra t io n s  v a ry  w idely* In  t h i s  c a se  th e
yP o lan i-L ondon  (1 9 3 0 ) i n t e g r a l  may be  em ployed in  th e  form
E ( r >  _  .  f  £ £ ±  .  3 4  . . .  ( 4 . 5 )
E( , )  1 r ‘ t  K
w here ^  i s  th e  volume a tom ic  d e n s i ty  o f  s u r fa c e  atoms and r  i s  th e  
e q u ilib r iu m  s e p a ra t io n  betw een ad-atom  and su rface*
More r e c e n t ly  C row ell and S te e le  (19&1) have su g g e s te d  an 
e x p re s s io n  b ased  on th e  s u r f a c e  d e n s i ty  o f  a d s o rb tio n  s i t e s  *
r / > \  y    \  • *• (4* 10)K<.) = - /3 co- a r.
4*2 C a lc u la t io n s  of^Ea  f o r  ad -a to m s on S i l i c a  G la ss
4*2*1 The Benjam in-W eaver (1959V approach
B enjam in and Y/eaver (1959 } assumed th e  s i l i c a  s u r fa c e  to  b e
a s  shown in  f ig u r e  4«1 and p o s tu la te d  th e  i n t e r a c t i o n  betw een th e  ad -atom  
2-
and th e  0 io n s  o f  th e  s u r f a c e .  They fo llo w ed  R hodin (1949) and c a l c u la te d
E^ u s in g  th e  London e q u a tio n  4*3 and th e  Pella ni-London* I n t e g r a l  4 * 9 .
T h is  approach  e n t a i l e d  th e  e s t im a t io n  o f  a c h a r a c t e r i s t i c  
2-
freq u en cy  f o r  0 and f o r  t h i s  th e y  u sed  London*s fo rm ula  4 .4 .  However
th e y  made what i s  o b v io u s ly  an e rro n eo u s  assu m p tio n  re g a rd in g  E^ o f  th e  
2. -
0 and to o k  th e  second io n i z a t i o n  p o t e n t i a l  o f  an oxygen atom . I t  i s  
d o u b tfu l w h e th e r London*s fo rm u la  can be ex tended  to  ch arg ed  io n s  o f  e i t h e r
p o s i t i v e  o r  n e g a t iv e  form  so i t s  u se  i s  su sp e c t in  t h i s  c a s e .  F u rth e rm o re
2+ '•£- 
E. (O^ O  ) i s  i n  no way co n n ec ted  to  E  ^ (0  -*■ 0) so th e r e  i s  no re a so n  why
. 2-\ .
th e  u se  o f  E^  (0**0 ) sh o u ld  be c o r r e c t .  T h e ir  r e s u l t s  r e g a r d le s s  o f  t h i s
e r r o r  a r e  shown in  T ab le  4 .1  •
T a b le  4 .1
B enjam in and Weaver 1 s A d so rb tio n  E nergy f o r
v a r io u s  c o n d en sa te s  on g la s s
E lem ent Ert eV
A l 0 .1 4 8
Ag 0 .1 2 2
Cd 0 .087
4 * 2 .2  Chapman*s ( j 9 69) app roach
Chapman ( 1969) a l s o  m a in ta in e d  t h a t  th e  i n t e r a c t i o n  was betw een 
z -
th e  ad-atom  and th e  0 io n s  b u t  u sed  th e  K irkw ood-M uller e q u a t io n  4*5 so
4 -
b y -p a sse d  th e  n e c e s s i ty  o f  e s t im a t in g  f o r  0 . The v a lu e  o f  p o l a r i z a b i l i t y
i-
and d iam ag n e tic  s u s c e p t i b i l i t y  f o r  0 a r e  o b ta in a b le  from Van V leck  (1 9 3 2 ).
Chapman a l s o  in tro d u c e d  an e m p ir ic a l  c o r r e c t io n  to  e q u a tio n  4*2 
and r e -w ro te  i t  as
oL —
X.e
]  . . .  (4 .1 1 )
u s in g  th e  Po lan i-L ondon  I n t e g r a l  4*9 he found  th e  a d s o rb tio n  e n e rg ie s  g iv e n  
i n  t a b l e  4 .2 .
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T ab le  4 .2
Chapman’ s (19^9) c a l c u la t io n s  o f  A d so rb tio n  E nergy  
f o r  n o b le  m e ta ls  on a s i l i c a  g la s s  s u r fa c e
E lem ent E q u il  S e p a ra t io n  E eV E x p e rim e n ta l V alue
^ re ^ th x s  work;
Cu 2- 5 8  £  0*16
Ag 2 .7 5  £  0 .3 7  0 .3
Au 2 .7 4  £  0 .4 4
The good agreem ent betw een Chapman’ s t h e o r e t i c a l  v a lu e  f o r  Ag 
and th e  p r e s e n t  e x p e rim e n ta l v a lu e  s t im u la te d  th e  a d o p tio n  o f  t h i s  ap p ro ach  
f o r  c a l c u la t in g  th e  a d s o rb t io n  energy  o f  some o th e r  e le m e n ts .
4 .2 .3  C a lc u la t io n s  o f  Ea f o r  th e  p r e s e n t  p r o je c t
4 .2 .3 .1  The s u r fa c e
B oth  B enjam in and Weaver and Chapman used  com m ercial g la s s
s u b s t r a te s  such a s  b o r o s i l i c a t e ,  soda g la s s  and fu se d  s i l i c a  and i t  i s  n o t
1-
c e r t a i n  i f  assum ption  o f  an 0 s u r fa c e  i s  j u s t i f i e d .  B enjam in and W eaver 
c le a n e d  t h e i r  s u b s t r a t e s  in a  glow d is c h a rg e  p r i o r  to  c o a t in g .  Chapman in  
h i s  ad h es io n  s tu d ie s  u sed  c o n v e n tio n a l a lc o h o l  d e g re a s in g  te c h n iq u e s .  B a teso n  
(1952) su g g e s ts  t h a t  a s i l i c a  s u r fa c e  c o n s i s t s  o f  OH g roups form ed by d i s ­
s o c ia t iv e  co m bination  o f  w a te r  vapour c h e m ic a lly  ad so rb ed . B enjam in and W eaver 
may have been j u s t i f i e d  in  assum ing th e  0l  s u r fa c e  a f t e r  glow  d is c h a rg e  c le a n ­
in g  b u t Chapman may have been  o p e ra t in g  w ith  OH g roups t h a t  b e c a u se  o f  t h e i r  
h y d ro p h ilo u s  n a t u r e  coulcL have b u i l t  up l a y e r s  o f  p h y s is o rb e d  H^O.
I n  th e  p r e s e n t  work th e  s u b s t r a te  a lw ays c o n s is te d  o f  f r e s h ly
0d e p o s ite d  s i l i c o n  o x ide  in v a r i a b ly  ta k e n  to  > 400 C p r i o r  t o  s i l v e r  
d e p o s i t io n .  I t  h as  been  assumed by o th e r s th a t  t o t a l  o x id a t io n  o f  th e  SiO 
s u r fa c e  d u rin g  d e p o s i t io n  w i l l  r e s u l t  in  a  s i l i c a  s u r fa c e  th o u g h  P l i s k i n  
( 1968) s t a t e s  t h a t  d e p o s i t io n  a t  h ig h  s u b s t r a te  te m p e ra tu re s  can  le a d  to  th e  
fo rm a tio n  o f  S i ^  ,  so i t  i s  n o t  p o s s ib le  to  be r e a l l y  su re  o f  th e  t r u e  
n a tu re  o f  th e  s u b s t r a te  s u r f a c e .  A f te r  d e p o s i t io n ,  i t  i s  p o s s ib le  to  form
7 1
chem isorbed  l a y e r s  o f  s i l i c o n e s  from d i f f u s io n  pump vapour i n  th e  sy stem ,
H o lland  (1 964), r a i s i n g  th e  te m p e ra tu re  to  > 400°C co u ld  cau se  #
e v a p o ra tio n  o f  th e s e  im p u r i t i e s .  H o llan d  ( P r iv a t e  Comm unication 1970)
su g g e s ts  t h a t  u n d er th e  c o n d i t io n s  m a in ta in e d  i n  t h i s  work i t  i s  re a s o n a b le  
2-
t o  assume an 0 s u r fa c e  so t h i s  assum ption  h as  been  made in  th e  fo llo w in g  
c a l c u la t io n s .
4*2 .3*2  C hoice o f  a d so rb e n t e lem en ts  f o r  c a l c u la t io n
The in fo rm a tio n  r e q u ir e d  from th e s e  c a l c u la t io n s  was tw o fo ld .
( i )  Knowledge was r e q u i r e d  o f  e lem en ts  t h a t  would p ro v id e  
s u i t a b le  im p u r ity  dop ing  f o r  p r e f e r e n t i a l  d e p o s i t io n  i n  t h i s  
p r o j e c t .  T hese d o p an ts  m ust b e  such t h a t  th e y  can m a in ta in  a 
re a s o n a b le  p o p u la tio n  o f  s t a b l e  n u c l e i  a t  te m p e ra tu re s  beyond 
th e  c r i t i c a l  v a lu e  f o r  s i l v e r  i f  s t a b l e  n u c le i  fo rm a tio n  i s  th e  
dom inant p ro c e s s  i n  p r e f e r e n t i a l  d e p o s i t io n .
( i i )  I t  was d e s i r a b l e  t o  f o r e c a s t  e lem en ts  o th e r  th a n  s i l v e r  t h a t  
may be s u i t a b le  f o r  f u tu r e  p r e f e r e n t i a l  d e p o s i t io n  s tu d i e s .
The c a l c u la t io n s  have been r e s t r i c t e d  to  m a te r ia ls  t h a t  a r e  s im p le  
to  io n iz e  i n  th e  io n  so u rce  em ployed.
4 .2 .3 .3  N um erica l c a l c u la t io n s  o f  E 0 f o r  v a r io u s  e lem en ts
I n  th e  c a l c u la t io n s  th e  fo llo w in g  e q u a tio n s  and c o n s ta n ts  w ere u sed  
( i )  F o r  p o l a r i z a b i l i t y  o f  ad -atom s . . .  E q u a tio n  4 .11
( i i )  E o r th e  d is p e r s io n  c o n s ta n t  . . . .  E q u a tio n  4*3
(o m C
[ 7 *  a )
( i i i )  E o r th e  i n t e r a c t i o n  energy  w ith  th e  s u r fa c e  E q u a tio n  4*9
O th e r c o n s ta n ts  and p a ra m e te rs  w ere
' . flL-  ^ »• -3
( iv )  The volum e a tom ic  d e n s i ty  o f  0 _  6 x  10 cm
(B enjam in and W eaver (1939)
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(v) T h e e q u i l ib r iu m  separation value ?;as c a lc u la te d  by
z -
# f in d in g  th e  mean o f  th e  0 sp ac in g  p lu s  th e  c lo s e  p ack in g  
s e p a r a t io n  o f  th e  ad-atom  in  th e  s o l id  p hase  ( a s  B enjam in and 
Weaver and Chapman) •
( v i )  The d ia m ag n e tic  s u s c e p t i b i l i t y  was c a lc u la te d  from  s p e c i f i c  
d ia m ag n e tic  s u s c e p t i b i l i t y  d a ta  in  th e  Handbook o f  P h y s ic s  and 
C hem istry*
t \( v i i )  The p o l a r i z a b i l i t y  and d ia m ag n e tic  s u s c e p t i b i l i t y  o f  0 
w ere ta k e n  from  Van V leck  (1 9 3 2 ).
The r e s u l t s  o f  n u m e ric a l c a l c u la t io n s  a r e  shown i n  T a b le  4*3* 
T ab le  4 .3
C a lc u la te d  A d so rb tio n  E n e rg ie s  f o r  N ine S e le c te d  E lem ents
on G-lass (Sj 0t )
E ltm d n  L Z n Cd Hg B i In 1 Pb Cu A g Au
pciarinability
6.62 6.30 16.0. '*4 2 iO Cm 4 * 8 2 11 .0 ! 12.73 7 .0 9 .4 8 .0
iDiatnc.ijnchc. to 
Susceptibility c.»n i • 7
3 .0 5 .0 4 7 .0 2.1 4 .1 3 0.98 3 .2 4 .9
Dispet'Sicn Const 
/  ,-to  
C . lo t i  n
l o  9 367 431 120 342 525 153 398 483
feqvtlibrtutYt c 
Spaanj ft 2 .6 2 .7 5 2 .75 3 .5 8 2.91 3 .0 5 2.58 2 .7 5 2 .7 4
fijsorUioa 
Energy £\f
o .z | 0.30 0 .3 8 0 .4 7 0.31 0 .3 5 0.17 0 .3 7 0 .4 3
I t  can be  seen  t h a t  th e  v a r i a t i o n  in  th e  t h e o r e t i c a l  a d s o r b t io n  
energy  o v e r th e  n in e  e lem en ts  s e le c te d  i s  q u i te  s m a ll .  The lo w e s t v a lu e  i s  
f o r  co p p er a t  0 .1 7  eV and th e  h ig h e s t  i s  f o r  B ism uth , a t  0 .47*
T h is  r e s u l t  q u a l i t a t i v e l y  com pares w ith  a d h es io n  r e s u l t s  t h a t  
show s im i la r  v a lu e s  f o r  a  w ide v a r i e t y  o f  e le m e n ts , B enjam in and W eaver
■09 61 ) .
A lthough  EQ does n o t  v a ry  much, th e  d o u b le t bond e n e rg ie s  d i f f e r  
g r e a t ly  th ro u g h o u t th e  p e r io d ic  t a b l e .  I t  i s  l a r g e ly  t h i s  v a r i a t i o n  t h a t  
c au ses  th e  ex trem e d if f e r e n c e s  ‘found in  th e  c o n d en sa tio n  b e h a v io u r  o f  
e le m e n ts , F o r  exam ple th e  d i f f e r e n c e  in  th e  c r i t i c a l  te m p e ra tu re  f o r  
c o n d e n sa tio n  betw een cadmium and s i l v e r  i s  > 500°C y e t  th e  a d s o rb t io n  energy  
i s  v e ry  s im i la r ,
4*3 C a lc u la t io n s  o f  Ec and T
The p a ra m e te r  r e q u ir e d  in  th e  p r e s e n t  s tu d y  was th e  te m p e ra tu re  f o r  
i*  = 1 -»2 ,  To en ab le  c a lc u la t io n s  o f  t h i s  te m p e ra tu re  i t  was n e c e s s a ry  to
know E^ to  en ab le  Ec to  be  c a lc u la te d .  A t p r e s e n t  th e r e  a r e  l im i t e d  
e x p e rim e n ta l v a lu e s  f o r  E^ so c a lc u la te d  v a lu e s  were u sed  i n  some c a s e s .  
V erhaegen  e t  a l  (1962) have c o n t r ib u te d  t o  t h i s  f i e l d  and t h e i r  t h e o r e t i c a l  
v a lu e s  w ere u sed  w here e x p e rim e n ta l v a lu e s  d id  n o t  e x i s t .  H aving c a lc u la t e d
Ec , th e  c r i t i c a l  te m p e ra tu re  f o r  c o n d e n sa tio n  w ith  an atom a r r i v a l  r a t e  o f
15 J 1  /  \10 atom s cm sec ( a  s e n s ib le  p r a c t i c a l  v a lu e )  was d e r iv e d  from
e q u a tio n  2 .3 o No e s tim a te  o f  a c c u ra c y  o f  th e s e  c a l c u la t io n s  h a s  b een  c a r r i e d
o u t b ecau se  e r r o r s  c o u ld  n o t be  a s c r ib e d  to  th e  c a lc u la te d  E^ v a l u e s .  B ecause
o f  t h i s  and th e  s im p l ic i ty  o f  th e  Ea  c a l c u la t io n s  th e  c r i t i c a l  te m p e ra tu re
v a lu e s  a re  c o n s id e re d  as  app ro x im ate  and shou ld  o n ly  be ta k e n  a s  a  g u id e 0
The r e s u l t s  o f  c a lc u la t io n s  o f  E c and th e  c r i t i c a l  te m p e ra tu re  f o r
c o n d e n sa tio n  o f  th e  n in e  e lem en ts  a r e  shown in  T ab le  4*4*
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I t  can "be seen  t h a t  in  th e  p r e s e n t  work th e  d i f f e r e n c e  betw een  
th e  e x p e rim e n ta l and t h e o r e t i c a l  T v a lu e  f o r  s i l v e r  i s  ~  which i s  
c o n s id e re d  r e a s o n a b le .  I t  i s  th o u g h t t h a t  th e  r e s u l t s  f o r  th e  o th e r  two 
n o b le  m e ta ls  a r e  a l s o  re a s o n a b le  b e a r in g  i n  mind th e  s i m i l a r i t i e s  i n  
e l e c t r o n ic  c o n f ig u ra t io n s  hence p o l a r i z a b i l i t y  and d ia m ag n e tic  s u s c e p t i b i l i t y  
and fu r th e rm o re  Ackerman e t  a l  ( i 960) quo te good a cc u racy  f o r  bond energy  
v a lu e s .
The t h e o r e t i c a l  v a lu e  f o r  T f o r  le a d  i s  S$> lo w e r th a n  th e  
e x p e rim e n ta l v a lu e s  o f  F i s h e r  and A nderson ( 1968) o b ta in e d  i n  a  s im i la r  
system  to  th e  a u th o rs  which a g a in  i s  good ag reem en t. However th e r e  a r e  
l a r g e r  d is c r e p a n c ie s  when th e  v a lu e s  f o r  Cd and  Hg a r e  com pared w ith  
experim en t b u t  t h i s  co u ld  be due to  in a c c u r a c ie s  i n  bond energ y  e s t im a te s  
and d i f f e r e n c e s  i n  a r r i v a l  r a t e s  em ployed. .
When E^ »  E , E ^ . T h is  i s  d em o n stra ted  in
f ig u r e  4*2 where th e  l i n e a r i t y  betw een T and E i s  c l e a r  e s p e c i a l l y  f o r  th e  
h ig h  E h v a lu e s .  As w e ll a s  th e  v a lu e s  c a lc u la te d  above T-. h a s  been  e s tim a te d  
f o r  S n , A l and Mg u s in g  V erhaegen e t  a l  (19&2) v a lu e s  f o r  Efc. B ennet e t  a l  
found T >  700°K f o r  alum inium  and Komnick (19&5) q u o te s  an E v a lu e  f o r  Sn 
on c o l lo d io n  a s  1 .7 eV.
4*4 C o n c lu sio n s
The r e s u l t s  d e s c r ib e d  above a llo w  some answ ers to  th e  re q u ire m e n ts  
in  4*2 .3*2  to  be  d e r iv e d .
( i )  E lem en ts p o s s ib ly  s u i t a b le  a s  d o p an ts  f o r  in d u c in g  
p r e f e r e n t i a l  d e p o s i t io n  o f  Ag.
The m ost n a t u r a l  c h o ic e  i s  Au b eca u se  o f  i t s  h ig h  T v a lu e  and b e c a u  
i t  r e a d i ly  com bines w ith  s i l v e r  so sho u ld  a c t  a s  a s e n s i t i z in g  a g e n t .  Copper
co u ld  be s u i t a b le  though i t s  T v a lu e  does n o t  seem to  be  v e ry  much h ig h e r
'£=(->2.
th a n  s i l v e r .  Both th e o ry  and experim en t b a r  th e  e lem en ts  P b , I n ,  Cd, Zn and 
Hg u n le s s  s u r fa c e  damage p la y s  an im p o rta n t p a r t  i n  in d u c in g  p r e f e r e n t i a l ,  
d e p o s i t io n .
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( i )  E le m e n ts  o th e r  th a n  s i l v e r  s u i t a b le  f o r  p r e f e r e n t i a l
d e p o s i t io n  s tu d ie s
The e le m e n ts  w i th  a lo w  T v a lu e  a re  fa v o u re d ,  f o r  e xa m p le ,
C*= i->2_
I n  Sn Pb Zn and Mg. I f  th e  s p e c i f i c  i n t e r e s t  i s  h ig h  e l e c t r i c a l  
c o n d u c t iv i t y  th e n  none  o f  th e s e  a re  i d e a l  a lth o u g h  Mg c o u ld  
p o s s ib ly  he  em ployed* R e s u lts  in d ic a t e  t h a t  c o p p e r may h e  w o r th  
in v e s t ig a t io n  h u t  Au i s  o b v io u s ly  u n s u i t a b le .
I t  i s  c o n c lu d e d  t h a t  th e  a d s o rh t io n  e n e rg y  c a lc u la t io n s  g iv e  
good a g reem en t w i t h  th e  p re s e n t  e x p e r im e n ta l v a lu e s  f o r  Ag on 
s i l i c o n  o x id e  and i t  i s  t h e r e fo r e  assumed t h a t  th e  s im p le  m ode l 
i s  s u i t a b le  f o r  o rd e r  o f  m a g n itu d e  c a lc u la t io n s  f o r  o th e r  e le m e n ts . 
M ore w ork  i s  r e a l l y  needed on c o n d e n s a t io n  e n e rg y  s tu d ie s  and 
d o u b le t  bond  e n e rg y  assessm en ts  i f  th e  m ode l i s  t o  be r ig o r o u s ly  
te s te d .
The a im s re g a rd in g  th e  p re s e n t  p r o je c t  have  been r e a l is e d  as  
p o s s ib le  d o p a n ts  have  been  e s ta b l is h e d  and a g u id e  has  been 
o b ta in e d  re g a rd in g  th e  r e l a t i v e  s u i t a b i l i t y  o f  o th e r  e le m e n ts  f o r  
f u t u r e  s tu d ie s  i n  p r e f e r e n t i a l  d e p o s i t io n .
CHAPTER V
The Charged P a r t i c l e  Bombardment/Vapour D e p o s itio n  A p p ara tu s  
5*1 I n t r o d u c t io n
The a p p a ra tu s  re q u ir e d  f o r  p r e f e r e n t i a l  d e p o s i t io n  s tu d ie s  had 
to  s a t i s f y  a  number o f  re q u ire m e n ts .  These a re  h e s t  i l l u s t r a t e d  by l i s t i n g  
th e  t y p i c a l  e x p e r im e n ta l p ro c e d u re s  f o r  th e  d e te rm in a tio n  o f  im p u r ity  
im p la n t p a ra m e te rs  conducive  to  p r e f e r e n t i a l  d e p o s i t io n ,
( i )  A f te r  pumping down i t  was n e c e s s a ry  to  d e p o s i t  a  f r e s h  
s i l i c o n  ox ide  s u b s t r a te  f i lm  /
( i i )  P a r t  o f  th e  s u b s t r a t e  th e n  had to  be bombarded w ith  a  known 
d ose  o f  heavy io n s  in  th e  energy  ra n g e  50 -  500 eV
( i i i )  F o llo w in g  th e  bombardment i t  was r e q u ir e d  to  h e a t  th e
s u b s t r a te  to  some te m p e ra tu re  g r e a t e r  th a n  T^# _  ^ ^  ^ f o r  s i l v e r
( iv )  A f i lm  o f  s i l v e r  th e n  had to  be d e p o s ite d  u n d e r c o n t r o l le d  
c o n d it io n s
S im i la r  ex p erim en ts  w ere r e q u ire d  w ith  e le c t r o n  i r r a d i a t i o n  i n  
p la c e  o f  th e  io n  bombardment so i t  was n e c e s s a ry  to  d e s ig n  an  io n  o p t i c a l  
system  f o r  easy  in t e r c h a n g e a b i l i ty  betw een io n s  and e l e c t r o n s .
The vapour d e p o s i t io n  re q u ire m e n ts  w ere i d e n t i c a l  to  th o s e  s e t  
o u t i n  c h a p te r  I I I  so th e  n a t u r a l  p ro g re s s io n  was to  in c o rp o r a te  th e  i o n /  
e le c t r o n  so u rce  and io n  o p t i c a l  assem bly  in to  th e  e x i s t in g  c o a t in g  equ ipm en t. 
T h is  im posed c e r t a in  r e s t r i c t i o n s  on s iz e  due to  th e  a l re a d y  crowded cham ber 
fu r th e rm o re  th e r e  a l re a d y  e x is te d  a  number o f  e l e c t r i c a l  and m o n ito r in g  
s e rv ic e s  in c o rp o ra te d  in  th e  a p p a ra tu s  so s im p l ic i ty  was e s s e n t i a l .  The 
d e s ig n  and developm ent problem  c e n tre d  l a r g e ly  around  th e  io n  so u rc e  and 
t h i s  w i l l  be d e a l t  w ith  f i r s t  i n  t h i s  c h a p te r .  The b u i ld  up o f  th e  e n t i r e  
a p p a ra tu s  w i l l  th e n  be d e s c r ib e d  s ta g e  by s ta g e  and f i n a l l y  a  b r i e f  summary 
o f  t y p i c a l  o p e ra t in g  c o n d i t io n s  w i l l  be g iv e n .
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5*2 The Io n  Source
5*2*1 * C hoice o f  so u rce
The re q u ire m e n t f o r  o v e r a l l  s im p l ic i ty  h as  a l re a d y  "been d e a l t  
w ith  above* F u r th e r  to  t h i s  th e  so u rce  had to  be cap a b le  o f  su p p ly in g  a 
w ide v a r i e t y  o f  m e ta l l i c  heavy io n s ,  and m ust o p e ra te  u n d e r h ig h  vacuum 
c o n d i t io n s  w ith o u t th e  c o m p lic a tio n s  o f  su p p o rt gas*
I d e a l ly  th e  so u rce  sho u ld  p roduce a  p u re  io n  s p e c ie s  so t h a t  th e  
c o m p lic a tio n s  o f  in c o rp o r a t in g  mass a n a ly s i s  i s  avoided* I t  was 
a c c e p ta b le  t h a t  e l e c t r o s t a t i c  d e f l e c t i o n  be  in c o rp o ra te d  as  t h i s  e n t a i l e d  
o n ly  a  s im p le  d e f l e c to r  p l a t e  system* T hese r e s t r i c t i o n s  b a r r e d  th e  u se  
o f  s p u t t e r  io n  so u rc e s  and e v e n tu a l ly  th e  c h o ic e  red u ced  to  two ty p e s  
o f  so u rc e
( i )  An e le c t r o n  bom bardm ent/m etal vap o u r so u rce  s im i la r  to  t h a t  
d e s c r ib e d  by Probyn ( 1968)
( i i )  A v ib r a t in g  c o n ta c t  a r c  io n  so u rce  o f  th e  k in d  r e p o r te d  by  
M arsh e t  a l  (19^7) and W ilson  and Jamba (19^7)*
The e le c t r o n  bombardment so u rce  p ro d u ces  a p u re  io n  beam o f  th e  
m e ta l vapou r u n d er bombardment w ith  a low energy  sp re a d . I t  w i l l  p ro d u ce  
a h ig h  c u r r e n t  d e n s i ty  (8  p. A^mia) and can  be made f a i r l y  s m a ll .  The 
d is a d v a n ta g e s  w ith  r e g a rd  to  th e  p r e s e n t  work were t h a t  in t e r c h a n g e a b i l i t y  
o f  io n  s p e c ie s  would b e  somewhat d i f f i c u l t ,  t h e r e  were p rob lem s w ith  heat- 
s h ie ld in g  i f  th e  sou rce  was made sm all and th e  so u rce  would p ro d u ce  a  
co p io u s  su p p ly  o f  m e ta l vapour t h a t  m ust b e  t r a p p e d .
The v ib r a t in g  c o n ta c t  a rc  so u rc e  (VCAS) i s  by  f a r  th e  s im p le s t
u n d er c o n s id e r a t io n .  I n te r c h a n g e a b i l i t y  o f  io n  s p e c ie s  i s  a  s im p le  m a t te r  
and i t  can b e  made to  p roduce  io n s  from  any co n d u c tin g  m a te r i a l .  I t s  
d is a d v a n ta g e s  a r e  t h a t  th e  io n  beam i s  n o t  p u re  and c o n ta in s  some m o le c u la r  
and m u l t ip ly  ch arg e  i o n s ,  i t  h as  a  r a t h e r  h ig h  energy  sp re a d  and  th e  io n
c u r r e n t  i s  somewhat e r r a t i c  due to  th e  e le c t r o d e  v ib r a t i o n .
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B ecause th e  main c o n s id e r a t io n  was to  e s t a b l i s h  th e  t o t a l  io n  
dose  a t c a  g iv en  en e rg y , f lu c t u a t i o n s  i n  io n  c u r r e n t  w ere n o t  im p o r ta n t ,  
fu r th e rm o re  io n  en erg y  sp read s  o f  some te n s  o f  e l e c t r o n  v o l t s  were 
t o l e r a b l e .  Im p o rta n t p a ra m e te rs  to  e s t a b l i s h  w ere im p u r ity  e lem en ts  t h a t  
p rom oted  p r e f e r e n t i a l  d e p o s i t io n ;  i t  was th e r e f o r e  n o t c o n s id e re d
p r o h ib i t iv e  i f  some o f  th e  dopan t io n s  re a c h e d  th e  s u b s t r a t e  a s  d ia to m ic  
m o le c u le s . The p re se n c e  o f  im p u r i t i e s  o th e r  th a n  th e  e lem en t u n d e r s tu d y  
we r e  o n ly  c o n s id e re d  p r o h ib i t i v e  i f  th e y  prom oted p r e f e r e n t i a l  d e p o s i t io n  
• o f  s i l v e r  and t h i s  co u ld  on ly  b e  e s ta b l i s h e d  by e x p e rim en t.
B ea rin g  in  mind th e s e  argum ents and th e  f a c t  t h a t  th e  VCAS co u ld
be made ex trem ely  s m a l l ,  i t  was d e c id e d  to  ad o p t t h i s  ty p e  o f  so u rce  f o r
th e  p r e s e n t  e x p e rim e n ts . A no ther re a so n  f o r  th e  c h o ic e  was t h a t  a lth o u g h  
th e r e  was e x p e rie n c e  i n  th e  w r i te r s  la b o ra to r y  w ith  e l e c t r o n  bombardment 
so u rces  o f  th e  N ie lso n  ty p e ,  f o r  h ig h  energy  im p la n ta t io n ,  th e  p o s s i b i l i t y
o f  em ploying th e  s im p le  VCAS was a t t r a c t i v e  and a c q u i s i t i o n  o f  e x p e r ie n c e  
w ith  such a  so u rce  was w o rth w h ile .
5 .2 .2  The v ib r a t in g  c o n ta c t  a rc  io n  sou rce
5 .2 .2 .1  D e s c r ip tio n  o f  th e  Mk 1 VCAS
The Mk 1 so u rce  was a  s im p l i f ie d  v e r s io n  o f  t h a t  d e s c r ib e d  by
M arsh e t  a l  (19^7 )• T hese a u th o rs  c o n s tru c te d  t h e i r  so u rce  so t h a t  a 
v ib r a t in g  tr e m b le r  w ith  a two p o le  carbon  e le c t r o d e  s i t u a t e d  a t  one end 
o s c i l l a t e d  betw een two m e ta l e l e c t r o d e s .  They found  i t  d i f f i c u l t  to  run  
th e  so u rc e  w ith  a l l  metalL e le c t r o d e s  due to  fu s in g .  A p o t e n t i a l  betw een 
50 and 200 v o l t s  was a p p l ie d  a c ro s s  th e  c e n t r e  and o u te r  e l e c t r o d e s .
M arsh e t  a l  found th e  fo llo w in g  s p e c ie s  f o r  Sb and Zn m e ta l e l e c t r o d e s  
w ith  ca rb o n  c o u n te r  e l e c t r o d e s .
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T ab le  5.1
A *
4
A
2 . 4
A Carbon C arbon24
Sb 1 .0
- z  
7 x  10 3 x  10
- 4  
3 x  10
Zn 1 .0
- 4  
< 10
- 3
10 ~  10
W ilson  and Jamba (19&7) ex ten d ed  th e  mass a n a ly s i s  to  o th e r  e lem en ts
and found  f o r  c a rb o n /m e ta l sy stem s.
T ab le  5 .2
A A4 Ai+ a; C arbon4
2.+
Carbon
Al 1 .0 < 0 .5 8 0 .1 7 < 0 .5 8
—2 . .
1 . 5 x 1 0
Mn 1. 0 0 .1 4 0 .2 2 0 . 64
- 3  
4  x  10
Zn 1 .0 0 .1 9
_3
< 3  x  10
-7.
6 x  10
- 3  
6 x  10
Au NONE NONE NONE 1 .00 t r a c e
Sb 1 .0 7 x  .10
2L
t r a c e 3 x  10
- 4  
3 x  10
The Mk 1 so u rce  was c o n s tru c te d a s  a  two e le c t r o d e  system  and i s
shown in  f ig u r e  5.1 i n  exp loded  fo rm . The v ib r a t o r  re e d  was made from  a  
ju n io r  hacksaw  "blade w ith  h o le s  f o r  th e  m e ta l r i v e t  and clam ping  screw  ta k e n
o u t by d u s t b l a s t i n g .  The r e e d  was tu n e d  to  r e s o n a te  a t  m ains fre q u e n c y  
and th e  d r iv in g  c o i l  was c o n s tru c te d  from  1000 tu r n s  o f  35 swg co p p e r w ire  
m ounted on a  F e r r i t e  co re  o f  0 ,5 ” d ia m e te r .  The m e ta l e le c t ro d e  was made 
i n  th e  form  o f  a r i v e t  and th e  c o u n te r  e le c t r o d e  was a  specp u re  ca rb o n  ro d  
f i l e d  in t o  a wedge shape where i n  c o n ta c t  w ith  m e ta l .  The c o i l  was 
co n n ec ted  to  a  50 Hz 6 ,3  V 5.A tra n s fo rm e r  and th e  a rc  supp ly  was 0 -  500 V , 
500 m A dc w ith  a  30 0 b a l l a s t  r e s i s t o r  i n  s e r i e s .
E a r ly  ru n n in g  t e s t s  in  th e  vacuum cham ber r e v e a le d  t h a t  i f  t h e  a rc  
was ru n  w ith  th e  carbon  e le c t r o d e  n e g a t iv e  th e  c h a r a c t e r i s t i c  c o lo u r  v/as 
w h ite  and a f t e r  a  s h o r t  p e r io d  th e  m e ta l e le c t r o d e  was found to  b e  c o a te d  
w ith  ca rb o n . However i f  th e  p o l a r i t y  was r e v e r s e d  th e  c h a r a c t e r i s t i c  c o lo u r  
o f  th e  a rc  was t h a t  o f  th e  m e ta l ( g re e n is h  b lu e  f o r  copper f o r  exam ple) and
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th e  m e ta l eroded  and c o a te d  th e  c a rb o n . Marsh e t  a l  r e p o r te d  s im i la r  r e s u l t s  
b u t  d id ^ n o t r e l a t e  th e  f a c t  to  e le c t r o d e  p o l a r i t y .  They c la im ed  t h a t  by  
c o a t in g  th e  carbon  w ith  m e ta l th e  a r c  r a n  f o r  th e  m a jo r i ty  o f  tim e  betw een 
m e ta l e le c t ro d e s  and so gave a low carbon  im p u r ity .
The so u rc e  was c la d  i n  a s h e e t  co p p er box w ith  a  s l i t  a p e r tu r e
c lo s e  to  th e  a r c .  P re l im in a ry  t e s t s  were made to  e s t a b l i s h  th e  t o t a l  
io n  c u r r e n t  d e n s i ty  and were found to  be o f  o rd e r  1 -  5 ^  A cm
5 .2 ,2 ,2  Mass a n a ly s i s  d e te rm in a tio n s
The so u rce  was ad ap ted  to  f i t  i n to  th e  l a b o r a to r i e s  100 keV 
a c c e le r a to r  a s  shown in  f ig u r e  5*2, The e x t r a c t io n  system  was ex tre m e ly  
c ru d e  and th e  beam d ia m e te r  a t  th e  e n tra n c e  to  th e  a n a ly s in g  m agnet was 
t y p i c a l l y  1 cm so c o l l im a tin g  s l i t s  w ere in c o rp o ra te d  b o th  p r i o r  to  and 
a f t e r  mass a n a ly s i s .  W ith a  c o l l e c t o r  j u s t  down stream  o f  th e  p o s t  
s e p a ra t io n  s l i t  ( i  mm w ide) c u r r e n t s  o f  0 ,1  -  0 .5  |-i A w ere o b ta in e d .
The fo llo w in g  m e ta ls  w ere ru n  w ith  carbon  c o u n te r  e l e c t r o d e s ,
A l,  Cu, Cd, and Au and th e  mass a n a ly s i s  d a ta  o b ta in e d  i s  s e t  o u t i n
T ab le  5 .3 .
T ab le 5.?.
M atl (A) A+
2.4
A A
+
A*
■+
c c
(N eg a tiv e) P o s i t i v e
A l 5 8 .5 $ - - 1 2 .5 $ 29$  t r a c e
Cu 26 .2% 1 8 .4 $ 3 .2 ^ 3 9 .2 $ 9. 3$  3 . 7$
Cd 96$ - t r a c e 4 . 0$
Au 77$ 15$ - - 7$  ~ i $
A rc v o lta g e ^  250 V a rc c u r r e n t ~  300 mA mean.
The p e rc e n ta g e s  shown a re  ex p re ssed  a s  f r a c t i o n  o f  th e  t o t a l  f :
number o f  atom s in c id e n t  i e  m o le u c la r  io n s  c o u n tin g  a s  two a to m s. I
• i
84
—  JWVV__ MA— -JftA -j-lvi—pAv\A—^
c
flcoelerator tube
Si-H o
E'tlm clor  i
A /A /  V.CA5\
F f J  S ’Z  & m p !e  Sy s t e m  u s e d  <n M k l  V . C / }  S
&
M a s s  O n a / u S / S
t  5o k V
85
U n fo r tu n a te ly  i t  was n o t p o s s ib le  to  bend Au^ v /ith  th e  m agnet 
a v a i la b le  so th e  p e rc e n ta g e  o f  t h i s  s p e c ie s  co u ld  n o t be  d e te rm in e d .
Some ex p erim en ts  w ere c a r r i e d  o u t v /ith  th e  p o l a r i t y  o f  th e  
e le c t r o d e s  re v e r s e d  i e  th e  m e ta l e le c t ro d e  made p o s i t i v e .  W ith  a l l  
co m b in a tio n s  t r i e d  th e  p e rc e n ta g e  o f  m e ta l l i c  io n s  f e l l  to  a t r a c e .  T h is  
was even t r u e  when cadmium was employed y e t ' t h i s  e lem ent when ru n  n e g a t iv e  
p roduced  9 o f  th e  spectrum  w ith  o n ly  l+fo carb o n  im p u r ity .
5 * 2 .2 .3  Some s u g g e s tio n s  r e g a rd in g  th e  o p e ra t in g  mechanisms o f  th e  so u rce
I t  can  b e  seen  t h a t  th e  mass s p e c tr a  i s  r i c h  in  m u ltic h a rg e d  and 
m o le c u la r  io n s ,  fu r th e rm o re  th e  p o l a r i t y  o f  th e  e le c t ro d e s  i s  im p o r ta n t 
i n  d e te rm in in g  th e  r e l a t i v e  p e rc e n ta g e  o f  io n  s p e c ie s .  I t  i s  su g g e s te d  t h a t  
W ilson  and Jamba*s (19&7) r e s u l t  showing an absence o f  g o ld  io n s  in  an 
Au/C system  was due to  a  p o s i t i v e  g o ld  p o l a r i t y .  The a u th o r  h as  com m unicated 
w ith  th e s e  r e s e a r c h e r s  and th e y  have ag ree d  v /ith  t h i s  s u g g e s tio n .
V enkata  sub ram anian  and Duckworth (19^3) have su g g e s te d  t h a t  th e  
v ib r a t in g  a rc  can be m a in ta in e d  by vapour s u p p lie d  th ro u g h  s u r fa c e  m e ltin g  
o f  th e  m e ta l e lectrode®  T h is  may no doubt be t r u e  i n  e a r ly  s ta g e s  o f  
e le c t r o d e  s e p a ra t io n  b u t i t  i s  th o u g h t t h a t  once th e  d is c h a rg e  i s  i n i t i a t e d ,  
s e l f  s p u t te r in g  o f  th e  ca th o d e  can make a  s ig n i f i c a n t  c o n t r ib u t io n  to  
m a in tenance o f  th e  plasm a e s p e c i a l l y  f o r  h ig h  m e ltin g  p o in t  low vap o u r p r e s s u r e  
e le m e n ts . I n  th e  p r e s e n t  mass s p e c tr a  th e  p ro p o r t io n  o f  m o le c u la r  io n s  
i s  much h ig h e r  th a n  would be  ex p ec ted  from  p u re ly  th e rm a l e v a p o ra tio n  
Nesmeyanov (1963)* However H onig ( 1958) h a s  shown th a t  i n  some c a s e s  q u i te  
s u b s t a n t i a l  q u a n t i t i e s  o f  m o le c u la r  io n s  can be e m itte d  from  s p u t te r e d  
s u r fa c e s  ana e s tim a te s  t h a t  f o r  ev ery  s p u t te r e d  p a r t i c l e  e m itte d  i n  io n iz e d  
form one hundred  w i l l  be e m itte d  a s  n e u t r a l s .
BG
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# I t  i s  n o t s u r p r is in g  t h a t  o n ly  a  t r a c e  o f  C&2 was d e te c te d .  
B ecause o f  i t s  h ig h  vapour p r e s s u re  th e rm a l v a p o r iz a t io n  co u ld  be  a 
s ig n i f i c a n t  f a c t o r  i n  p lasm a m a in ten an ce , F u rth e rm o re  Cd^ i s  e x tre m e ly  
u n s ta b le  w ith  a  bond energy  o f  o n ly  0 ,0 9  eV (V erhaegen e t  a l  
( 1962) )  so would d i s s o c i a t e  f r e e l y .  However th e  bond e n e rg ie s  o f  A l^  
and Cu^ a re  much h ig h e r  (2 ,0  eV) so would b e  c o n s id e ra b ly  more s t a b l e .
5 .2 .2 .4  The Mk 2 VCAS
A f te r  th e  p re l im in a ry  s tu d ie s  w ith  th e  Mk 1 VCAS a n o th e r  m odel 
was c o n s tru c te d  in  c o l la b o r a t io n  w ith  Mr T D J  Cameron o f  AWRE, T h is  so u rc e  
was more compact th a n  th e  Mk 1 m odel; i t  had a  s p e c i a l l y  d es ig n ed  
o s c i l la to r /p o w e r  su p p ly  system  t h a t  a llo w ed  some v a r i a t i o n  o f  d r iv in g  
freq u en cy  so t h a t  acc o u n t co u ld  be ta k e n  o f  changes i n  r e s o n a n t re e d  
fre q u e n c y  due to  lo s s  o f  m a te r ia l  from  th e  c a th o d e . Reed in t e r c h a n g e a b i l i ty  
was made e a s i e r  and a number o f  re e d s  c o n s tru c te d  each  w ith  d i f f e r e n t  
m e ta l e l e c t r o d e s .
The s p e c i f i c a t io n  o f  th e  Mk 2 so u rce  was a s  fo llo w s :
Reed freq u en cy  200 -  400 Hz
Maximum Arc V o lta g e  (mean) 300 V
Maximum Arc C u rre n t (mean) 3 ,0  A
The o s c i l l a t o r / c i r c u i t  i s  shown In  f ig u r e  5.3 and a  d e t a i l e d  
l i n e  draw ing o f  th e  so u rce  in  f ig u r e  5*4*
G e n e ra lly  th e  a rc  was more s t a b l e  w ith  th e  Mk 2 so u rc e  th a n  
p re v io u s ly  found w ith  th e  Mk 1 model* and io n  c u r r e n ts  were h ig h e r  by  a  
f a c t o r  o f  3 -  5 w ith  a l l  o th e r  p a ra m e te rs  e q u a l .
B es id e s  i t s  u se  in  t h i s  p r o j e c t  th e  Mk 2 VCAS h as  been  u se d  by  
F R P o n te t  i n  th e  w r i t e r s  la b o ra to ry  f o r  b o th  h ig h  and low energy  
in ^ p la n ta tio n  o f  Pd i n t o  g la s s  s u b s t r a t e s ,  C o l l in s  e t  a l  (1 9 7 0 ). P o n te t  
a c h ie v e d  a c c e le r a te d  beam c u r r e n ts  o f  th e  o rd e r  1 |i A f o r  Pd and found  th e  
so u rc e  q u i te  s a t i s f a c t o r y  f o r  h ig h  energy  io n  im p la n ta t io n .
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5*3 I n c o rp o ra t io n  o f  Mk 2 VCAS in t o  e x i s t in g  d e p o s i t io n  a p p a ra tu s
B e a rin g  in  mind th e  c o n d i t io n s  s e t  o u t in  5*1 th e  Mk 2 VCAS was
in c o rp o ra te d  in t o  th e  e v a p o ra to r  i n  th e  fo llo w in g  manner
( i )  The so u rce  was f i t t e d  i n t o  a s p e c ia l ly  d e s ig n ed  s t a i n l e s s
s t e e l  "box. I t  was m ounted on ceram ic  i n s u l a to r s  so t h a t  th e
v ib r a t in g  a rc  was s i tu a te d  b e h in d  two a l ig n e d  s l i t  a p e r tu r e
a t  e a r th  p o t e n t i a l  a s  shown i n  f ig u r e  5*5* T hese s l i t s  gave
some c ru d e  beam d e f i n i t i o n .  F o llo w in g  th e  s l i t  assem bly  th e r e  
o
was a  SO p a r a l l e l  p l a t e  e l e c t r o s t a t i c  d e f le c t io n  system  w ith  
th e  low er p l a t e  e a r th e d  and th e  u p p er p l a t e  i n s u la te d  from  
ground so  t h a t  i t  c o u ld  be b ia s s e d  e i t h e r  p o s i t i v e  o r  n e g a t iv e  
depend ing  on w h eth er io n s  o r  e l e c t r o n s  w ere u se d . The so u rc e  
co u ld  be b ia s s e d  p o s i t i v e  up t o  500 V and v /ith  ab o u t th e  same 
n e g a t iv e  v o l ta g e  on th e  d e f l e c t o r  p l a t e  a s  on th e  a c c e le r a t io n  
e le c t r o d e  a b ro ad  beam o f  io n s  escaped  from th e  r e c t a n g u la r  a p e r tu r e  
i n  th e  box l i d .  The so u rce  mounted on th e  box b a se  w ith  th e  
low er d e f le c to r  p l a t e  i n  p o s i t io n  i s  shown i n  P l a t e  5*1* T e s ts  
showed t h a t  th e  t o t a l  a re a  co v ered  by  th e  io n  beam on a  c o l l e c t o r  
s i t u a t e d  a t  6 cms above th e  e x i t  a p e r tu r e  was o f  th e  o r d e r  1 cm x  
1 cm0 The d i s t r i b u t i o n  f o r  in t e g r a te d  dose was re a s o n a b ly  
homogeneous due no d o u b t 'to  th e  f lu c t u a t i n g  io n  energy  sp re a d  
g iv in g  r i s e  to  c rude  beam scan n in g .
( i i )  The io n  s o u r c e /d e f le c to r  assem bly  box was m ounted on s p e c i a l l y  
c o n s tru c te d  alum inium  a l lo y  r a i l s  ru n n in g  p a r a l l e l  t o  and 10 cms 
below  th e  s u b s t r a te  m ounting . By a  s im p le  l in k a g e  th e  so u rc e  box 
co u ld  be  swung i n t o  a  p o s i t i o n  w here one end o f  th e  s u b s t r a t e  was 
io n  bom barded. T h is  l in k a g e  was d r iv e n  by a  s h a f t  t h a t  a l s o  
a c tu a te d  a n o th e r  l in k a g e  system  t h a t  moved a  s h u t t e r  to  c o v e r  
th e  s u b s t r a t e  when th e  so u rce  v/as i n  th e  bom barding p o s i t i o n .
s o
Carbon e le c tro d e
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Plate 57 Mk l
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T h is  s h u t t e r  was d r i l l e d  w ith  a  sm a ll a p e r tu r e  (2  mm d ia )  so 
o n ly  a  p o r t io n  o f  th e  s u b s t r a te  a re a  was bombarded w ith  ions#
W ith th e  so u rce  i n  th e  non-bom barding p o s i t i o n  th e  s u b s t r a te  
was c o m p le te ly  exposed t o  s i l v e r  v apour from  th e  e v a p o ra tio n  
source#  The s h a f t  was hand d r iv e n  from o u ts id e  th e  vacuum 
system  v ia  a V /ilson se a l#  T h is  assem bly  i s  shown in  f ig u r e  5*5 
and P l a t e  5*2.
M o d if ic a tio n  o f  th e  system  f o r  e l e c t r o n  bombardment e n t a i l e d  
r e p la c in g  th e  io n  so u rce  w ith  a d i r e c t l y  h e a te d  Ta r ib b o n  a s  
shown on f ig u r e  5-6# A l te r a t io n s  w ere a l s o  made to  th e  s h u t t e r  
arrangem ent and s u b s t r a te  h e a t in g  b u t th e s e  w i l l  be d e s c r ib e d  in  
c h a p te r  V II  when th e  e f f e c t s  o f  e le c t r o n  bombardment on p r e f e r e n t i a l  
d e p o s i t io n  a re  d is c u s s e d .
5*4 Summary o f  T y p ic a l O p era tin g  C o n d itio n s
- 5  ■
U ltim a te  t o t a l  gas p r e s s u re  (h o t  f i la m e n t  gauge) . . < 10 t o r r
T y p ic a l io n  c u r r e n t  d e n s i t i e s  a t  10 cms from  so u rce  500 eV en erg y
- 2.
Au . . . . . . . . .   .....................   0*7 -  1 #0 ji A cm
C u .............. ......... ........................... ....  0 .3  -  0 .8  j_i A cm’2’
C d ......................................................................0 .7  -  1 .0  ji A cm2*
Mg • . ' . . . .  • . . . . • . . . .  0 .2  -  0.4* (i A cm
-a.
Ag . . . . . . '  .......................  • 0#3 -  0 .5  |i A cm
-5
Pump down tim e  to  10 t o r r  1 h o u r approx
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CHAPTER VI
* _
The E f f e c t s  o f  Low E nergy  Im p la n te d  Heavy io n s  on th e
P r e f e r e n t i a l  D e p o s itio n  o f  S i lv e r  on S i l i c o n  Oxide
6.1 I n t r o d u c t io n
The aim s o f  ex p erim en ts  d e s c r ib e d  in  t h i s  C h a p te r  have a l r e a d y  
been  expounded i n  C h ap te r I ;  i t  now rem ain s  to  s e t  them down somewhat l e s s  
g e n e ra l ly  i n  l i g h t  o f  th e  r e s u l t s  so f a r  o b ta in e d .
I n  C h a p te r  IV i t  was su g g e s te d  th a t  i f  p r e f e r e n t i a l  d e p o s i t io n  
was to  be  in d u c ed  by  th e  im p lan ted  atom s fo rm ing  s ta b le  n u c l e i  on th e  
s u b s t r a t e  s u r fa c e  th e n  l i k e l y  d o p an ts  f o r  th e  e f f e c t  would be  g o ld  and 
c o p p e r. F u rth e rm o re  u n le s s  s u r fa c e  damage c o n t r ib u te d  s i g n i f i c a n t l y  to  
th e  p ro c e s s  i t  would b e  u n l ik e ly  t h a t  cadmium, z in c , l e a d  o r  ind ium  w ould 
in d u c e  th e  e f f e c t .  W orking on t h i s  p rem ise  i t  was n e c e s s a ry  to  
e s t a b l i s h  e x p e r im e n ta lly
(1 ) Y /hether o r n o t  Au, Cu and Cd io n s  in duced  p r e f e r e n t i a l  
d e p o s i t io n  o f  s i l v e r  on s i l i c o n  o x id e .
S hould  th e  e f f e c t  b e  o b serv ed  w ith  a l l  o r  any o f  th e s e  io n s
th e n
(2 ) The minimum dose v e rs u s  energy  o f  d opan t io n s  t h a t  in d u c e d  
p r e f e r e n t i a l  d e p o s i t io n  shou ld  b e  e s ta b l i s h e d .
To en ab le  (2) to  be s a t i s f a c t o r i l y  d e te rm in e d  i t  was n e c e s s a ry
to
(3 ) M easure th e  in c id e n t  io n  energy  sp read  so t h a t  l i m i t s  c o u ld  
be  p u t  on th e  p r o j e c t i l e  io n  e n e r g ie s ,  and
(4 ) E s t a b l i s h ,  where p o s s i b l e ,  th e  t r u e  atom ic dose  i n c id e n t
on th e  s u b s t r a te  i e ,  m easure th e  f r a c t i o n  a g a in s t7 in c id e n t  c h a rg e
in c id e n t  en e rg y .
A l l  experim en ts  d e s c r ib e d  in  t h i s  C h ap te r a re  em bodied i n  th e  
fo u r  aim s s e t  ou t above.
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In  th e  fo llo w in g  t e x t  th e  io n  eriergy sp read  ex p erim en ts  w i l l  
h e  d e s c r ib e d  and d is c u s s e d  f i r s t  and th e n  th e  t r a p p in g  p r o b a b i l i t i e s  w i l l  
b e  d e a l t  v /ith  i n  a s im i la r  manner*
The minimum dose  v e rs u s  io n  energy  ex perim en ts  w i l l  b e  d e s c r ib e d  
and th e  r e s u l t s  quoted  b u t  d is c u s s io n  w i l l  b e  l e f t  u n t i l  th e  p e n u l t im a te  
s e c t io n  w here a  model w i l l  be c o n s tru c te d  to  acco u n t f o r  th e  e x p e rim e n ta l 
o b se rv a tio n s*
6»2 The D e te rm in a tio n  o f  Io n  E nergy S p read
6*2.1 E x p e rim e n ta l method
The sim ple  r e t a r d in g  f i e l d  te c h n iq u e  was employed and i s  
shown d ia g ra m m a tic a lly  i n  F ig u re  6,1* A C om ing 7059 g la s s  m icroscope  
s l id e  was c o a te d  f o r  1” o f  i t s  le n g th  w ith  a  t h i n  g o ld  f i lm  ( ~  1000 K) 
o v e r a  v e ry  th i n  ( ~  50 S.) t i ta n iu m  f i lm ;  t h i s  te c h n iq u e  a llo w ed  ex tre m e ly  
a d h e re n t f i lm s  o f  g o ld  t o  b e  l a i d  down, O’C o n n e ll (19&9 P r iv a t e  
C om m unications). The g o ld  p la n e  e l e c t r o d e ,  so p ro d u ced , was s i tu a te d  
d i r e c t l y  above th e  e x i t  a p e r tu r e  o f  th e  io n  so u rce  assem b ly . One o f  th e  
copper c o n s ta n ta n  th e rm o co u p les  u sed  to  m o n ito r  th e  s u b s t r a t e  te m p e ra tu re  
( s e e  C h ap te r I I I  p 52  ) was se c u re d  to  th e  g o ld  e le c t ro d e  by means o f 
co n d u c tin g  s i l v e r  p a in t  ( th e  re a so n  f o r  t h i s  w il l ' be  made more c l e a r  i n  
a  l a t e r  s e c t i o n ) • O u ts ide  th e  vacuum a le a d  was ta k e n  from  th e  therm o­
coup le  c o n n e c to r  to  a 0 -  300 v o l t  v a r ia b le  dc ( b a t t e r y  d r iv e n )  sup p ly
*
th ro u g h  a c u r r e n t  i n t e g r a t o r  to  g round . The c u r r e n t  i n t e g r a t o r  a llo w ed  
c u r r e n ts  betw een 1 nA and 10 mA to  be m easured and ch a rg e s  o f  1 nC to  
10 mC to  be re c o rd e d . V /ith t h i s  system  th e  g o ld  p la n e  e le c t r o d e  cou ld  
be made to  ad o p t a p o s i t i v e  p o t e n t i a l  o f  0 -  300 v o l t s  r e l a t i v e  to  g ro u n d .
An alum inium  p l a t e  w ith  a 1 .0  cm c i r c u l a r  a p e r tu r e  i n  l i n e  w ith  
th e  c e n t r e  o f  th e  io n  e x i t  a p e r tu r e  was s i t u a t e d  betw een th e  e le c t r o d e  
and io n  so u rce  assem bly . The s iz e  o f  t h i s  a p e r tu r e  was governed  by  th e
♦ D eveloped by  P A O’C o n n ell
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n e c e s s i ty  o f  m a in ta in in g  a  re a s o n a b le  io n  c u r r e n t  a t  h ig h e r  r e ta r d in g  
fie lds%  The p l a t e  was s i t u a t e d  1 cm below  th e  g o ld  e le c tro d e *
The energy  sp re a d  o f  an io n  beam was d e te rm in e d  by  s e t t i n g  th e  
io n  beam energy  to  some s a t i s f a c t o r y  l e v e l  (n o rm a lly  150 eV) th e n  
r e c o rd in g  th e  i n t e g r a te d  ch arg e  f a l l i n g  on th e  g o ld  e le c tro d e  o v e r a  
p e r io d  o f  1 m in u te  w ith  a  f ix e d  r e ta r d in g  p o t e n t i a l  on th e  e l e c t r o d e .  T h is  
m ethod o f  m easuring  in t e g r a te d  ch arg e  r a t h e r  th a n  in s ta n ta n e o u s  c u r r e n t  
was ad o p ted  b ecau se  o f  th e  in h e r e n t ly  u n s ta b le  n a tu re  o f  th e  io n  beam*
The en erg y  d i s t r i b u t i o n  fu n c tio n  T’(E^) was e s ta b l i s h e d  by  m anually  
d i f f e r e n t i a t i n g  th e  Q«. v e r s u s  E-. c u r$ v e , so
* v
M i
E(Et,) = THs? •**t
w here Q- i s  th e  c o l le c t e d  ch a rg e  andI
Eo th e  r e ta r d in g  v o l ta g e  on th e  g o ld  e le c t r o d e ,
k  ' *
A ccord ing  to  Simpson ( 1961) th e  r e s o lu t io n  o f  a sim ple  p a r a l l e l  p l a t e  
a n a ly s e r  T/ith an a p e r tu r e  2 r  in  d ia m e te r  and a s e p a ra t io n  (d) betw een  th e  
a p e r tu r e  p l a t e  and th e  c o l l e c t o r ,  i s
A E ; ?
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I n s e r t in g  a c tu a l  v a lu e s  in t o  6 ,2  le a d s  to  a r e s o lu t io n  o f  s in  0 .1 2 5 — 0.017*
No a tte m p t was made to  su p p re ss  secondary  e le c t r o n  em iss io n  from  th e  g o ld
e le c t ro d e  b ecau se  i t  was c o n s id e re d  th a t  T th e  c o e f f i c i e n t  o f  seco n d ary
em issio n  w ould be  i n s i g n i f i c a n t ,  b e a r in g  i n  mind th e  low energ y  o f  th e
in c id e n t  heavy io n s .  No p u b lis h e d  d a ta  c o u ld  be found c o n c e rn in g  th e  io n s
o r  t a r g e t  employed b u t  Kaminsky (1965) and C a r te r  and C o ll ig o n  (19&8)
quote v a lu e s  o f  y  f o r  h e a v y , r a r e  gas  io n s  on m e ta ls  in  th e  en e rg y  ran g e
o f  a few hundred e le c t r o n  v o l t s ,  t h a t  a r e  g e n e r a l ly  no more th a n  a  few  p e r
c e n t .  T here  seems no re a s o n  why th e  e m iss io n  c o e f f i c i e n t s  f o r  th e ' heavy
m e ta l l i c  io n s  employed in  th e s e  ex p erim en ts  sh o u ld  be s i g n i f i c a n t l y  h ig h e r .
6 ,2 * 2  E x p e rim e n ta l r e s u l t s  
6 .2 .2 /1  G-old io n s
The r e s u l t s  f o r  g o ld  io n s  v /ith  150 eV energy  f o r  two d i f f e r e n t  
v ib r a t in g  c o n ta c t  a rc  c o n d i t io n s  a re  shown i n  f ig u r e  6 ,2 ,  I n  b o th  c a s e s  
th e  E(E-J i s  n o rm a lise d  to  u n i ty  a t  th e  maximum v a lu e .
W ith th e  a rc  v o l ta g e  s e t  a t  115 V th e  f u l l  w id th  a t  h a l f  maximum 
was 35 eV; how ever when th e  a rc  v o lta g e  was a llo w ed  to  r i s e  to  200 V th e  
EWHM in c re a s e d  to  65 eV. The f u l l  energy  sp re a d  f o r  th e  115 V a rc  was 85 eV
and th e  200 V a rc  gave a  v a lu e  o f  120 eV.
T h is  b e h a v io u r  i s  u n d e rs ta n d a b le  b e a r in g  i n  mind th e  n a tu re  o f  
th e  a rc ; th e  plasm a d e n s ity ,h e n c e  c o l l i s i o n  freq u en cy  and p lasm a im p ed an ce , 
v a ry  w id e ly  th ro u g h o u t each  p e r io d  o f  e le c t r o d e  s e p a r a t io n .  When th e  
p lasm a d e n s i ty  i s  low , io n s  w i l l  be a c c e le r a te d  to  n e a r  th e  f u l l  a r c  
v o l ta g e .
To m in im ise th e  io n  energy  sp re a d , th e  a r c  p a ra m e te rs  f o r  a l l
im p la n ta tio n s  w ere s e t  so t h a t  th e  a rc  v o l ta g e  was a s  low a s  p o s s i b l e .
6 .2 ,2 .2  Copper and cadmium io n s
The ECS') v e rs u s  E. c h a r a c t e r i s t i c s  f o r  th e s e  two m e ta ls  a r ei I
shown in  f ig u r e  6 .3  and th e  im p o r ta n t p a ra m e te rs  a re  shown below
Io n  Yarc I  AE^FWHM) A E ( ( f u l l  w id th )
Cu 120V 0o7A W  90
Cd 80 ~ 90 f 0.9A 23 65
6 .3  T rap p in g  P r o b a b i l i t i e s
6 .3 .1  E x p e rim e n ta l method
A ttem p ts  w ere made to  e s t a b l i s h  th e  r a t i o  o f  tra p p e d  atom s to  
m easured ch a rg e  f o r  th e  th r e e  io n  s p e c ie s ,  g o ld , cadmium and co p p er i n  
s i l i c o n  ox ide  betw een 100 and 500 eV in  en erg y . A t th e  tim e  o f  w r i t i n g  
no s e n s ib le  d a ta  has been o b ta in e d  f o r  cadmium o r  cop p er b u t  th e  m ethods 
ad o p ted  v / i l l  be r e p o r te d  f o r  a l l  th r e e  and comments on th e  f a i l u r e  w i l l  be  
made.
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I n  a l l  th r e e  c a s e s  th e  amount o f  im p lan ted  m a te r ia l  was 
extrem fely sm all (< 0 ,1  jig) and f o r  such sm a ll amounts n e u tro n  a c t i v a t i o n
a n a ly s i s  was th e  m ost a c c u r a te  method o f  d e te rm in a tio n  a v a i la b le *  The 
im p la n ta t io n  p ro c e d u re  was a s  fo llow s*  P o ly th e n e  sh e e t 0*01" th i c k  was 
c o a te d  w ith  a  co n d u c tin g  f i lm  o f  alum inium  and c u t  i n t o  s t r i p s  1n x  2 " .
F o r  im p la n ta t io n ,  a  s t r i p  was mounted on a 3 11 x  1" c o m in g  7059 m icroscope  
s l i d e  by means o f  alum inium  w ire  c l i p s  and th e  s l id e  s i tu a te d  in  a  
s im i la r  p o s i t i o n  to  t h a t  u sed  f o r  energy  sp re a d  m easurem ents, b u t  i n  th is  c a se  
th e  c u r r e n t  d e te c t in g  coup le  made on ly  p r e s s u r e  co n ta c t*  A s h u t t e r  was 
c o n s tru c te d  t h a t  sc reen ed  o f f  one h a l f  o f  th e  s t r i p  when th e  io n  so u rc e  
assem bly  was i n  th e  bom barding p o s i t i o n  a s  shown in  f ig u r e  6*4* A f te r
'*•5pumping down to  b e t t e r  th a n  10 t o r r  th e  io n  sou rce  assem bly  was swung 
in t o  th e  non bom barding p o s i t i o n  th u s  ex p o sin g  th e  whole a lu m in ise d  s t r i p  
and a f i lm  o f  s i l i c o n  o x id e , ap p ro x im a te ly  200 S. th ic k  was d e p o s ite d  
o v e r th e  alum inium  film * The so u rce  was th e n  swung in to  th e  bom barding 
p o s i t i o n ,a t  th e  same tim e  th e  s h u t t e r  co v ered  h a l f  th e  c o a te d  s t r i p ,  
th e  uncovered  r e g io n  was bombarded w ith  a m easured  dose o f  io n s  a t  a  p r e s e t  
en erg y . The SiO la y e r  was t h i n  enough to  a llo w  com plete  t r a n s f e r  o f  
charge  t o  th e  co n d u c tin g  b a c k in g .
A f te r  bombardment th e  s t r i p  was removed and c u t i n  h a l f  and th e  
q u a n t i ty  o f  im p lan ted  m a te r ia l  e s ta b l i s h e d  by  n e u tro n  a c t i v a t i o n  a n a l y s i s .
The non bombarded p o r t i o n  was a n a ly se d  i n  o rd e r  to  e s t a b l i s h  background  
im p u r ity .
In  th e  c a se  o f  g o ld  io n s  th e  th e rm a l n e u tro n  i n t e r a c t i o n  c r o s s  
s e c t io n  was s u f f i c i e n t l y  la r g e  to  a llo w  d i r e c t  i r r a d i a t i o n  and  a n a ly s i s  
o f  th e  p o ly th e n e , alum inium , s i l i c o n  o x id e  and g o ld . H owever, t h i s  s im p le  
tre a tm e n t was n o t p o s s ib le  f o r  e i t h e r  cadmium o r  copper c o n te n ts  due to  
th e  in te r f e r e n c e  o f  background im p u r i t i e s  and low er a c t i v a t io n  s e n s i t i v i t y .
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In  th e s e  c a se s  an  io n  exchange p ro c e s s  was a d o p te d . A f te r  th e  p o ly th e n e  
and com posite  t h in  f ilm s  had  been  i r r a d i a t e d  w ith  th e rm a l n e u tro n s  i n  th e  
AWE HERALD r e a c to r  th e  f i lm s  w ere d is s o lv e d  in  HP s o lu t io n  and p a sse d  
th ro u g h  an io n  exchange c o lu m n  t h a t  removed m ost o f  th e  i n t e r f e r i n g  
im p u r i t i e s .  The r a d io a c t iv e  cadmium o r  copper was th e n  d e te rm in e d  by 
d e te c t in g  th e  Y r a d ia t io n  from th e  s o lu t io n .  D e ta i le d  r e a c t io n s  w i l l  be 
g iven  in  th e  fo llo v d n g  s e c t io n  w ith  th e  o th e r  s ig n i f i c a n t  p a ra m e te r s .
6«>3*2 E x p e rim e n ta l r e s u l t s
6 .3 .2 .1  G-old io n s
I t  h a s  a l re a d y  been s t a t e d  i n  C h ap te r V t h a t  mass a n a ly s i s  o f  
th e  g o ld  io n  beam had  n o t been  p o s s i b l e ,  fu r th e rm o re  w ith  a d o u b le t bond 
energy  o f  around  2 .0  eV i t  i s  to  be ex p ec ted  t h a t  in c id e n t  m o le c u la r  
io n s  w ould d i s s o c i a t e  on c o l l i s i o n  w ith  th e  s u r fa c e  and th e  in d iv id u a l  
atom s w ould p e n e t r a te  th e  s u r fa c e  a t  one h a l f  th e  in c id e n t  e n e rg y . The 
im p o rta n t p a ra m e te r  to  e s t a b l i s h  f o r  th e  p r e s e n t  s tu d ie s  was th e  number 
o f  im p la n te d  g o ld  atom s p e r  in c id e n t  e l e c t r o n ic  ch a rg e  b eca u se  i t  i s  th e s e  
in d iv id u a l  atoms t h a t  can c o n t r ib u te  to  s ta b le  n u c le i  fo rm a tio n  a t  th e  
s u r f a c e .  The beam in c id e n t  on th e  s i l i c o n  ox id e  co n ta in ed  b o th  g o ld  and 
carb o n  io n s ,  b u t th e  le v e l  o f  carbon  im p u r ity  was c o n s id e re d  to  b e  no more 
th a n  10$ assum ing t h a t  g o ld  behaved a s  th e  o th e r  e lem en ts  mass a n a ly se d  
( s e e  C h ap te r V p 8 4  ) .
The r e s u l t s  f o r  g o ld  tr a p p in g  a re  g iv e n  be lo w ; th e  r e l e v a n t  
n u c le a r  p r o c e s s e s ,  n e u tro n  i r r a d i a t i o n  tim e and d ecay  tim e a r e  g iv e n  f i r s t  
fo llo w ed  by th e  im p la n ta t io n  p a ra m e te rs  and amount o f  g o ld  d e te c te d  i n  
b o th  im p lan ted  and background s ta n d a rd  f i lm s .  The io n  energy  h a s  been  
ta k e n  a s  th e  sum o f  a c c e le r a t io n  v o l ta g e  and th e  FWHM o f  io n  energ y  s p re a d .
TABLE 6.1
« N eu tron  A c tiv a t io n  P a ram e te rs  o f  Au Im p la n ta t io n s
R e a c tio n Au'^7 ( n ,  y ) Au 0.41 MeV
I r r a d i a t i o n  Tim e*- 5 mins
Decay tim e  p r i o r  to  c o u n tin g : - 24 h o u rs
C ounting  t im e s - ' 5 mins
A ty p i c a l  p u ls e  h e ig h t  spectrum  i s  d is p la y e d  i n  f ig u r e  6 .5 .
TABLE 602
Im p lan t and Trapped io n  p a ra m e te rs  f o r  G old Im p la n ta t io n
Io n
E nergy
eV
M easured 
Io n  
dose PC
G-old mass in  
s ta n d a rd  b la n k  
Pg
G-old mass i n  
im p la n te d  f i lm  
Pg
Mass o f  
Im p la n te d  
G-old pg
135 402 0 .0 9 0 .4 8 0 .3 9
235 200 0 .1 3 0 .3 3 0 .2 0
385 100 0.06 0 .2 2 0.16
535 40 0 .0 8 0 .1 7 0 .0 9
TABLE 6 .3
F r a c t io n  o f  T rapped g o ld  atom s p e r  c o l le c t e d  e le c t r o n i c  ch a rg e
Io n  E nergy 
eV
V
ato m s/ch a rg e
135 0.47-5
235 0.50
385 0 .7 9
535 1 .1 0
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* The accu racy  o f  g o ld  d e te c t io n  due to . co u n tin g  e r r o r s  was 
e s tim a te d  b e t t e r  th a n  i  and th e  e r r o r  on c o l le c te d  c h a rg e  m o n ito rin g  
was c o n s id e re d  b e t t e r  th a n  - 1 0 ffo assum ing th e  secondary  e le c t r o n  
c o e f f i c i e n t  to  be ~  0 .1 .  The r e s u l t s  a r e  p l o t t e d  i n  f ig u r e  6 .6 .
6*3*2.2  Cadmium io n s
The te c h n iq u e  o f  io n  exchange fo llo w in g  n e u tro n  a c t i v a t i o n  
d id  a llo w  d e te c t io n  o f  cadmium. The r e le v a n t  n e u tro n  r e a c t io n  and c o u n t­
in g  p a ra m e te rs  w ere
R e a c tio n Cd (n  y  ) Cd
I r r a d i a t i o n  tim e 30 m ins
energy 0 .1 5  MeV & 0 .2 5  MeV (sm a ll)
Decay tim e 30 mins
C ounting  tim e 15 m ins
A t o t a l  o f  s ix  sam ples a t  e n e rg ie s  betw een 100 and 300 eV w ere 
a n a ly se d . A l l  a n a ly se d  sam ples gave a  much h ig h e r  cadmium co u n t th a n  
c o u ld  p o s s ib ly  be c o n s i s te n t  w ith  even 100yo t r a p p in g .  T here  i s  l i t t l e  
d o u b t t h a t  th e  amount o f  cadmium d e te c te d  i n  th e  f o i l s  was c o r r e c t  s in c e  th e  
spectrum  was c le a n  and unbombarded f o i l s  showed a n e g l ig ib l e  cadmium l e v e l .  
The r e s u l t s  in d ic a te d  an u n d e re s tim a tio n  o f  io n  dose and a p ro b a b le  
e x p la n a tio n  emerges when th e  c h a r a c t e r i s t i c  b e h a v io u r  o f  cadmium i n  th e  
a rc  i s  c o n s id e re d .
Of a l l  e lem en ts  t r i e d  in  th e  VCAS cadmium had by f a r  th e  h ig h e s t  
ca th o d e  e ro s io n  r a t e .  The amount o f  n e u t r a l  vapour e v a p o ra te d  was 
enormous and a f t e r  o n ly  s h o r t  ru n s  th e  so u rce  h o u sin g  was found  to  b e  
t h i c k ly  c o a te d  w ith  cadmium m e ta l .  The c i r c u l a r  e l e c t r o s t a t i c  d e f l e c t o r  
was found t o  be covered  w ith  th e  m a te r ia l  so d u rin g  o p e ra t io n  a  f a i r l y
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h ig h  cadmium vapour p r e s s u r e  m ust have e x i s te d  w ith in  t h i s  cham ber. The 
la r g e  T e t t e r  box e x i t  a p e r tu r e  fo llo w in g  th e  d e f le c t i o n  system  a llo w ed  a 
la r g e  a n g le  cone o f  io n s  to  be e j e c te d  from  th e  b o x , A s i g n i f i c a n t  
p e rc e n ta g e  o f  th e s e  io n s  would have p a sse d  th ro u g h  th e  cadmium v ap o u r 
s tream  a f t e r  chang ing  d i r e c t i o n  so c o u ld  have undergone ch a rg e  exchange 
c o l l i s i o n s  i n  th e  r e a c t io n
[Cd]+ + Cd -> [cd] + Cd+
Such a  r e a c t io n  w ould be a d ia b a t i c  b ecau se  o f  th e  e x a c t en erg y  b a la n c e  
so th e  c ro s s  s e c t io n  would b e  ex tre m ely  la rg e  a t  low e n e r g ie s .  I t  i s  
p o s s ib le  t h a t  th e  f o i l  r e c e iv e d  a p e rc e n ta g e  o f  u n d e te c ta b le  f a s t  n e u t r a l s .  
The r e s u l t s  were q u i te  random and showed no d i s c e r n ib le  c o n n e c tio n  w ith  
io n  en erg y . I f  th e  above e x p la n a tio n  i s  c o r r e c t  th e n  t h i s  i s  t o  be  
ex p ec ted  b ecause  o v e r a l l  i t  would have been th e  d e n s i ty  o f  Cd v ap o u r 
t h a t  d ic t a t e d  th e  p ro c e s s  and t h i s  would have depended on many v a r ia /b le s  
such a s ,  s u r fa c e  c o n d i t io n  o f  c a th o d e , d u ra tio n  o f  so u rce  o p e r a t io n  and 
te m p e ra tu re  o f  c a th o d e .
No tim e  was a v a i l a b l e  to  check t h i s  h y p o th e s is  by  i n s t a l l i n g  
a  f u r th e r  d e f le c t i o n  system  o u ts id e  th e  in f lu e n c e  o f  th e  cadmium v ap o u r 
b u t  th e  method i s  r e p o r te d  b ecau se  i t  i s  c o n s id e re d  to  b e  w o rth  fo llo w in g  u p .
6 .3 .2 .3  Copper io n s
U n fo r tu n a te ly  th e  r e s u l t s  w ith  t h i s  e lem en t w ere a b o r t iv e  due 
to  th e  e x c e ss iv e  copper im p u r ity  found b o th  in  th e  alum inium  and e v a p o ra te d  
s i l i c o n  o x id e . Much l a r g e r  doses th a n  co u ld  be r e a l i s t i c a l l y  o b ta in e d  w ith  
th e  p r e s e n t  system  would have been  r e q u ir e d  to  a llo w  any a c c u r a te  d e te rm in a ­
t i o n  o f  tr a p p in g  p r o b a b i l i t y .
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6 .3*3  D isc u ss io n  o f  tr a p p in g  r e s u l t s  f o r  g o ld
* The r e s u l t s  o b ta in e d  f o r  g o ld  a re  c o n s id e re d  r e l i a b l e  b eca u se
(a) th e  v e ry  h ig h  s e n s i t i v i t y  o f  t h i s  e lem en t f o r  n e u tro n  a c t iv a t io n  and
i
(b) th e  c o n s is te n t  b e h a v io u r  ( i e )  m onotonic in c r e a s e  i n  T) w ith  e n e rg y .
I t  i s  i n t e r e s t i n g  t o  e s t a b l i s h  w h eth er th e  v a lu e s  o b ta in e d  can  be  
t h e o r e t i c a l l y  p r e d ic te d .  Much e f f o r t  h a s  gone in t o  s tu d y in g  th e  t r a p p in g  
p r o b a b i l i t i e s  o f  r a r e  g as  io n s  i n  g la s s  s t r u c t u r e s  and t h i s  work h a s  been
I
rev iew ed  by C a r te r  and C o llig o n  ( 1968) .  F i r s t l y  i t  i s  p e rh ap s  b e n e f i c i a l
I t  can b e  seen  t h a t  a l th o u g h  th e r e  i s  a  f a i r l y  w ide v a r i a t i o n ,  *0 v a lu e s  
in  th e  ra n g e  0 .1  -  1 have been  o b ta in e d . On r e l a t i v e  mass c o n s id e r a t io n s  
th e n ,  th e  v a lu e s  o b ta in e d  h e re  f o r  g o ld  a r e  c o n s id e re d  a c c e p ta b le .
C lose and Yarwood (19&7) have c o n s tru c te d  a sim ple  t r a p p in g  
th e o ry  by c o n s id e r in g  th e  t a r g e t  a s  a  r e g u la r  m a tr ix  o f  atom s s e p a ra te d
S’ rby  a  d is ta n c e  C w here C = *p=“  and $  i s  th e  l a t t i c e  c o n s ta n t .  The 
tr a p p in g  p r o b a b i l i t y  i s  g iv e n  by
to  quo te  some e x p e r im e n ta l v a lu e s  f o r  Xe (A = 13*1) i n  th e  energy  ra n g e
100 -  230 eV in to  p y rex  g l a s s .
( i )  G ran t & C a r t e r  ( 1965)
100 eV 0 .6 3
200 eV 0 .8 5
( i i )  Cobic e t  a l  ( 1961) 
250 eV 0.41
2
(6.3)
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w here R^ i s  an e f f e c t iv e  c o l l i s i o n  r a d iu s  e v a lu te d  by  assum ing head on 
c o l l i s i o n s  betw een p r o j e c t i l e  and t a r g e t  a tom s. I n  such c o l l i s i o n s  th e  
r e l a t i v e  k in e t i c  energy  E  ^ o f  th e  io n  i s  c o n v e rte d  to  p o t e n t i a l  energy  
a t  th e  d is ta n c e  o f  c l o s e s t  ap p ro ac h . Then i f  U (r) i s  th e  i n t e r a c t i o n  
energy  betw een io n  and t a r g e t  a t  r  th e n  a t  r  = b ,  th e  d is ta n c e  o f  c l o s e s t  
app roach
» 1 / 1  \  p  p  • • •  ( ^ * A )U ( b )  = E j |  = ---------------t i
m , +
w here mf i s  th e  p r o j e c t i l e  m ass, and 
m^ th e  t a r g e t  m ass.
Assuming a B om  Mayer r e p u ls iv e  i n t e r a c t i o n ,
U ( b )  = A e * f> -  a b  = Ere I
So i f  A and a a r e  known b can be found and
'Vj — I . . .  ( 6. 3a)
Abrahamson ( 1969) h a s  c a lc u la te d  A and a  f o r  103 e lem en ts  and
th e  v a lu e s  f o r  i n t e r a c t i n g  system s can be o b ta in e d  u s in g  th e  s im p le  r u l e s 0 
X
A  \Z  =  ( A  \ A^ ) 2 ^  a 17. =  +  a 2 ) .
Assuming a sim ple  s i l i c a  model f o r  th e  s i l i c o n  o x id e  s u r f a c e ,  th e
p la n  view  o f  a u n i t  c e l l  w i l l  be a s  shown in  f ig u r e  6. 7, so th e  in c id e n t
p a r t i c l e s  w i l l  i n t e r a c t  w ith  oxygen atom s and  th e  s i l i c o n  atom  w i l l  be i n  th e
c e n t r e  o f  t r i a n g l e s  made by oxygen p a r t i c l e s  b u t  below  th e  s u r f a c e .  The
oxygen t r i a n g l e s  a re  l in k e d  by open h e x a g o n a l. s t r u c t u r e s  t h a t  p ro b a b ly
c o n t r ib u te  m ost s i g n i f i c a n t l y  to  t r a p p in g .  I t  i s  a p p re c ia te d  t h a t  in  th e
n o
/x ~ 2.-G A
l/
a
r - '
io
6-7 Atomic Gonfigura tion used tn theoretical
treatment o t  trapping
amorphous s t a t e  th e  c e l l  d im ensions v / i l l  v a ry  b u t  to  a  f i r s t  ap p ro x im a tio n  
th e  c r y s t a l l i n e  c o n f ig u ra t io n  i s  c o n s id e re d  rea so n a b le *  I f  C lo se  and Yarwood* s 
tre a tm e n t i s  ex tended  to  th e  open oxygen hexagon th e n  f o r  b &
• • •  (6 ,5 a )
^  = I -  :F +  . . .  ( 6 . 5b)
+ * , « £ !
I t  i s  n o t  p o s s ib le  to  compare th e  e x p e rim e n ta l g o ld  t r a p p in g  f r a c t i o n s  d i r e c t l y
w ith  t h i s  th e o ry  b eca u se  o f  th e  u n c e r t a in ty  i n  beam com position*  I t  i s
4-
however i n t e r e s t i n g  to  c a l c u la te  t h e o r e t i c a l  v a lu e s  o f  T1 f o r  Au in c id e n t  
in  th e  p r e s e n t  energ y  range  and e s t a b l i s h  w hether a t  l e a s t  o rd e r  o f  
m agnitude agreem ent i s  o b ta in e d . F o r  n u m e ric a l c a l c u la t io n s  th e  r e l e v a n t  - 
p a ra m e te rs  a re
M, = 198 M, = 16 2.
A f = 5  9483 eV A = 2143 eV 2.
Q # = 3 .4 9  A <3* = 3 .7 8 8  I
X  = 2 .6  A
The Bom -M ayer p o t e n t i a l  f u n c t io n  f o r  Au,0 i n t e r a c t i o n s  u s in g  th e  
p a ra m e te rs  above i s
4
U (r) = 1*13 x  10 exp -  3*6 r
           »   .
2.x C o $ i -f- Jm — ?t. Jb
and f o r  b > /
w t
E ; eV E rel eV b i *n
100 7 .5 2 .0 4 0.095
300 2 2 .4 1 .7 2 0.21
500 3 7 .0 1 .5 9 0.275
T hese r e s u l t s  and o th e r s  f o r  E • up  t o  10 eV a re  p lo t t e d  on th e
same g ra p h  as th e  e x p e r im e n ta l m ixe d  beam r e s u l t s  i n  f ig u r e  6 . 6 .  The
t h e o r e t i c a l  v a lu e s  a re  lo w e r  i n  a l l  cases  th a n  th e  e x p e r im e n ta l v a lu e s  b u t
a re  o f  th e  same o rd e r  o f  m a g n itu d e  w h ic h  i s  e n c o u ra g in g  c o n s id e r in g  th e
s i m p l i c i t y  o f  th e  t r e a tm e n t*
E re n ts  and C a r te r  ( 1 968) have  e x te n d e d  C lo s e  and Y a rw ood*s  th e o r y
b y  c a lc u la t in g  s c a t t e r in g  a n g le s  and a l lo w in g  o n ly  io n s  s c a t te r e d  th ro u g h
la b o r a to r y  a n g le s  <j> > t o  be  c o n s id e re d  as t ra p p e d *  H ow ever t h i s  th e o r y
p ro v id e s  u n r e a l  answ ers  when mz < mt so c a n n o t be u se d *
K o m e ls o n  (1 9 ^ 4 ) ha s  c a lc u la te d  m inimum  e n e rg ie s  f o r  io n  p e n e t r a t io n
assum ing  a g a in  th e  B o m -M a y e r p o t e n t i a l .  He a rg u e s  t h a t  th e  e n e rg y  r e q u ir e d
f o r  p e n e t r a t io n  s h o u ld  n o t  b e  to o  f a r  rem oved fro m  t h a t  r e q u ir e d  f o r  th e  io n
t o  overcom e a t  h a l f  th e  l a t t i c e  s p a c in g . F o r  th e  A u -0  sys te m  u n d e r c o n s id e r a -
C
t i o n ,  th e  mean l a t t i c e  s p a in g  i n  th e  0 hexagon i s  3 .5 5  s o ,
E
4
= 1*13  • 10 exp -  3.64  x  1 .7 7
= 18 eV
T h is  v a lu e  a g a in  p r e d ic t s  t h a t  t r a p p in g  s h o u ld  o c c u r  i n  th e  e n e rg y  
ra n g e  100 -  500 eV b u t  g iv e s  no t h e o r e t i c a l  i n d i c a t io n  o f  'n (E ) .
I t  i s  c o n c e iv a b le  t h a t  th e  in t r o d u c t io n  o f  a m e a n in g fu l a t t r a c t i v e  
e n e rg y  te rm  i n t o  th e  BM p o t e n t ia l  i s  n e c e s s a ry  a t  th e s e  lo w  e n e rg ie s  t o  
s o f te n  th e  c o l l i s i o n  b u t  such a s tu d y  i s  beyond  th e  scope o f  th e  p r e s e n t  
e x e r ic s e *
The e x p e r im e n ta l v a lu e s  f o r  g o ld  a llo w e d  t im e  tra p p e d  a to m ic  doses  
fo r - c h a r g e  m o n ito re d  im p la n ts  n e c e s s a ry  f o r  e s ta b l is h in g  th e  m inim um  d oses  
f o r  p r e f e r e n t i a l  d e p o s i t io n .
U7>
6 .4  P r e f e r e n t ia l  S i l v e r  F i lm  D e p o s it io n  due t o  H eavy Io n
* Im p la n ta t io n
6 .4 .1  E x p e r im e n ta l m ethod .
Much o f  th e  e x p e r im e n ta l te c h n iq u e  f o r  t h i s  s e c t io n  h a s  a l re a d y  
been d is c u s s e d  in  p re v io u s  s e c t io n s  o f  th e  p r e s e n t  C h a p te r . C om ing  7059 
g la s s  s l i d e s  w ere t r e a t e d  in  th e  manner a l re a d y  d e a l t  w ith  i n  6 .2 .1 ,  
th e y  w ere m ounted i n  th e  s u b s t r a t e  h o ld e r  and th e  therm ocoup le  a g a in  
was f a s te n e d  to  th e  g o ld  f i lm  by means o f  s i l v e r  p a i n t .  The 
sw inging s h u t t e r  d e s c r ib e d  i n  th e  l a s t  C h ap te r  was employed w ith  a  2 .0  mm 
h o le  on an a x is  p a r a l l e l  t o  th e  s l id e * s  m ajo r a x is  3 .0  mm from  th e  end o f  
th e  s l i d e .
A f te r  pumping down, th e  io n  so u rce  and s h u t t e r  w ere swung away 
and a 200 & s i l i c o n  o x id e  f i lm  dep o sited  a l l  o v er th e  s l i d e .  The s h u t t e r  
and io n  so u rce  assem bly  w ere th e n  swung in to  p o s i t i o n  ana th e  s i l i c o n  o x ide  
was bombarded w ith  a known dose o f  io n s  a t  a  p r e s e t  en e rg y . T h is  en erg y  , 
was e s ta b l i s h e d  by f ix in g  th e  a c c e le r a t io n  v o lta g e  and b ia s s in g  th e  
c o l l e c t o r  e le c tro d e  a t  some p o s i t i v e  v a lu e .  The tu n g s te n  r a d ia n t  h e a t e r s  
w ere th e n  sw itch ed  i n  and th e  s u b s t r a t e  r a i s e d  to  a te m p e ra tu re  g r e a t e r  
th a n  T^* _ ^  g* -^ e  ^Lea‘t ;i-nS system  was a s  used  f o r  th e  n u c le a t io n  and 
c r i t i c a l  co n d e n sa tio n  s tu d ie s  b u t in  th e  p r e s e n t  c a se  more tu n g s te n  w ire s  
w ere i n s e r t e d  so a p p ro x im a te ly  1 .0 ” o f  th e  s l id e  was h e a te d .  T e s ts  showed
t h a t  ov er t h i s  1" r e g io n  c lo s e  to  th e  c e n t r e  th e  s u b s t r a t e  te m p e ra tu re
0 0 v a r ie d  by  no more th a n  5 C in  l\J+0 C.
As soon a s  e q u ilib r iu m  te m p e ra tu re  was e s ta b l i s h e d  th e  io n  so u rce  
assem bly  and s h u t t e r  were swung away and s i l v e r  was e v a p o ra te d  f o r  a  p r e ­
d e te rm in ed  r a t e  f o r  a p re -d e te rm in e d  p e r io d .  The p e r io d  and r a t e  o f  
d e p o s i t io n  d e c id e d  upon vier e  th e s e  t h a t  gave a v i s i b l e  d e p o s i t  a t  a  
te m p e ra tu re  l e s s  th a n  T .^  -^> 2* ^ a t  t h i s  p a ra m e te r  i s
somewhat s u b je c t iv e  b u t b e a r in g  i n  mind th e  t e c h n ic a l  re q u ire m e n ts  o f  t h i s
SI 4-
p r o j e c t ,  nam ely , t h a t  a co n d u c tin g  f i lm  he p r e f e r e n t i a l l y  d e p o s i te d ,  
i t  w as*co n sid ered  t h a t  t h i s  s u b je c t iv e  c r i t e r i o n  was a c c e p ta b le .  I t  
w ould have been  to o  tim e consuming to  c a r ry  o u t a t  t h i s  s ta g e  a  f u l l  
s tu d y  o f  th e  e f f e c t s  o f  io n  im p la n ta t io n  on a ran g e  o f  a r r i v a l  r a t e s  
s u b s t r a te  te m p e ra tu re s  and d e p o s i t io n  d u r a t io n s .  T h is  co u ld  become th e  
s u b je c t  o f  a te c h n o lo g ic a l  i n v e s t i g a t io n  b ased  on th e  f u l l  c o n c lu s io n s  
o f  t h i s  p r o j e c t .
The minimum io n  do se  v e rs u s  energy  was d e te rm in ed  by v a ry in g  
th e  in c id e n t  dose  u n t i l  a p r e f e r e n t i a l  d e p o s i t  was j u s t  v i s i b l e  o v e r th e  
bombarded r e g io n ,  A p i c t o r i a l  r e p r e s e n ta t io n  o f  a p r e f e r e n t i a l l y  d e p o s ite d  
f i lm  i s  shown in  f ig u r e  6 ,8 .  The t r u e  atom ic dose  im p lan ted  was d e t e r -  
mined by m u lt ip ly in g  th e  re c o rd e d  ch arg e  by th e  m easured t r a p p in g  f r a c t i o n .  
6 ,4*2  E x p e rim e n ta l r e s u l t s
6 .4 .2 .1  E f f e c t s  o f Au~ im p la n ta t io n
6 .4 * 2 S1.1 Minimum io n  dose  v e rsu s  energy  f o r  p r e f e r e n t i a l  d e p o s i t io n
E o r t h i s  experim en t th e  d e p o s i t io n  p a ra m e te rs  w ere a s  'f o l lo w s :-
+ o
T = 440 -  5 C
/ \ 14 -2 - i
a ( a r r i v a l  r a t e )  = 2 x  10 atom s cm sec
t ,  d e p o s i t io n  d u ra t io n  = 120 seconds
The r e s u l t s  a r e  s e t  ou t i n  t a b le  form below  and th e  fo llo w in g  code r e l a t e s  
t o  th e  rem arks in  th e  f i n a l  colum n, NPD -  no p r e f e r e n t i a l  d e p o s i t ,  CPD -  
c l e a r  p r e f e r e n t i a l  d e p o s it ,  MPD -  d e p o s i t  j u s t  v i s i b l e ,  v a lu e  ta k e n  a s  
minimum.
TABLE 6 .4
«
p tj V o lta g e  on V o lta g e  on Ion  dose Recorded
...HP-.—°, A c c e le ra to r  R e ta rd in g  E le c tro d e  HC cm~z
1 310 270 70 CPD
2 ti 270 -22.. MPD
3 1 230 100 CPD
4 1 230 70 CPD
5 n 230 50 CPD
6 n 230 -22 MPD
7 1 160 30 NPD
8 n 160 i 2 MPD
9 n 110 50 NPD
10 1 110 2 2 MPD
11 1 0 70 NPD
12 n 0 100 NPD
13 1 0 120 NPD
14 it 0 to MPD
15 u 0 140 NPD
I n  th e  above t a b l e ,  th e  minimum r e s u l t s a re  u n d e r l in e d . The
e r r o r  in  e s ta b l i s h in g  th e  dose due to  th e  s u b je c t iv e  n a tu r e  o f  e s t a b l i s h in g
+  — 2.
d e p o s i t io n  was d i f f i c u l t  to  d e te rm in e  b u t a f ig u r e  o f  -  10 M-C cm was
th o u g h t re a s o n a b le .  Mean v a lu e s  o f  th e  minimum re c o rd e d  c h a rg e  f o r  in d u c in g
p r e f e r e n t i a l  d e p o s it io n  f o r  io n  e n e rg ie s  betw een 75 and 345 v o l t s  a r e
g iv en  i n  th e  fo llo w in g  t a b l e .  The m easured io n  c u r r e n t  d e n s i ty  d u r in g
-■z
a l l  ex p erim en ts  was 0 ,5  -  0 .7  jiA cm .
Si h e r  film  C eases a  I  7 ^
Preferential depcSt t  o f
S/Iter at 7 > T ^ ^ t/o e  
to f)o implantation
Sold Condvctinq film under SiO
fi<j 6 - 8  Ske tch  o f  Preferential 
deposition o f  Silver.
N
. *
O
VJ
SCOZoo Aootooo
ton energy eV
Ftp} 6.3 Minimum Id im plan ted  dose for 
brefere .n -l.ta l deposition t Versus ion  ener-^-'
TABLE 6 .5
Io n  E nergy  eV
-a
Minimum Dose P-C cm 
mean
75 30
105 30
185 50
235 70
345 160
By r e f e r r i n g  to  f ig u r e  6 .6  and e x t r a p o la t in g  to  z e ro  e n e rg y ,
th e  t r u e  im p lan ted  a tom ic d o ses  i n  [iC cm f o r  in d u c in g  p r e f e r e n t i a l
d e p o s i t io n  have "been o b ta in e d  o v e r th e  ran g e  o f  im p la n ta t io n  e n e r g ie s .
These a re  s e t  o u t i n  t a b l e  6 .6  and i n  f ig u r e  6 . 9 ,  th e  a c t u a l  minimum
-<• 2.atom ic s u r fa c e  d e n s i ty  in  atom s cm a re  p l o t t e d  a g a in s t  in c id e n t  g o ld  
io n  en ergy .
TABLE 6 .6
C o rre c te d  minimum g o ld  io n  dose f o r  in d u c in g  p r e f e r e n t i a l  d e p o s i t io n
Io n  Energy 
eV
tra p p in g  p r o b a b i l i t y  
a to m s /in c id e n t  ch arg e
C o rre c te d  
minimum g o ld  dose  f o r  
in d u c in g  p r e f e r e n t i a l  d e p o s i t io n
ex p re sse d  in  |iC cm"1
75 0 .2 3 6 .9
105 0 .3 0 9 .0
185 0 .4 6 23 .0
235 0 .5 4 3 8 .0
345 0 .7 3 117.0
IIB
6 .4 .2 .1 .2  Minimum dose  r a t e  dependance f o r  p r e f e r e n t i a l  d e p o s i t io n  a t  75 eV 
# The e f f e c t  o f  im p la n ta t io n  dose r a t e  on th e  minimum io n  dose 
f o r  in d u c in g  p r e f e r e n t i a l  d e p o s i t io n  h a s  been  e s ta b l i s h e d  f o r  one io n  
energy  o n ly . The ex p erim en ts  w ere ex tre m ely  te d io u s  a s  th e  io n  so u rce  
p a ra m e te rs  needed  co n tin u o u s  ad ju s tm e n t t o  m a in ta in  low io n  c u r r e n t s .  The 
exp erim en t was aimed a t  e s ta b l i s h in g  a  minimum io n  a r r i v a l  r a t e  so t h a t  
th e  p r e s e n t  r e s u l t s  cou ld  be com pared w ith  n u c le a t io n  th e o ry .  The nom inal 
a c c e le r a t io n  v o lta g e  was k e p t a t  4 0 '/ i n  a l l  c a s e s .  The s i l v e r  atom 
a r r i v a l  r a t e s  and d e p o s i t io n  d u ra t io n s  w ere a s  i n  th e  p re v io u s  s u b - s e c t io n  
a s  was th e  s u b s t r a t e  te m p e ra tu re  f o r  s i l v e r  d e p o s i t io n .
-  2.I t  was found t h a t  f o r  a  t o t a l  re c o rd e d  ch arg e  o f  40 HC cm 
in d u ced  p r e f e r e n t i a l  d e p o s i t io n  was o b se rv a b le  w ith  c u r r e n t  d e n s i t i e s  down 
to
0 .1 4  HA cnfa
Below t h i s  f ig u r e  i t  was v e ry  d i f f i c u l t  to  c o n t r o l  th e  io n  
so u rce  p a ra m e te rs  and a l th o u g h  in  some c a s e s  no in d u c ed  p r e f e r e n t i a l  
d e p o s i t io n  was o b serv ed  i t  i s  n o t concluded  t h a t  th e  d ose  r a t e  above can 
be  n e c e s s a r i ly  c o n s id e re d  a minimum v a lu e .
I t  can be co n c lu d ed  t h a t  p r e f e r e n t i a l  d e p o s i t io n  i s  o b se rv a b le  
p ro v id in g  th e  t o t a l  dose i s  >. 40 j-iC cm w ith  im p la n t d o se  r a t e s  down to
n -i
2 * 0 x 1 0  io n s  cm sec
f o r  an  io n  energy  o f  75 eV mean.
T hese r e s u l t s  w i l l  b e  u sed  l a t e r  when th e  p r e s e n t  r e s u l t s  w i l l  
be compared w ith  n u c le a t io n  th e o ry .
H9
6 .4 .2 01 .3  S tudy  o f  e a r ly  n u c le a t io n  o f  p r e f e r e n t i a l l y  d e p o s ite d  f i lm s
* I t  was hoped t h a t  th e  e a r ly  n u c le a t io n  o f  p r e f e r e n t i a l l y  d e p o s ite d
s i l v e r  cou ld  be s tu d ie d  and compared w ith  th e  dose  o f  s e n s i t i z i n g  g o ld
io n s .  However th e s e  ex p erim en ts  w ere found to  be  ex trem ely  d i f f i c u l t ,  and
re p ro d u c ib le  r e s u l t s  im p o ss ib le  to  e s t a b l i s h .
The method was to  i n s e r t  tw o s i l i c o n  o x id e  co vered  g r id s  i n
th e  g r id  h o ld e r ,  p r e v io u s ly  d e s c r ib e d  i n  C h ap te r I I I  p 5 9  . A s h u t t e r  was
f i t t e d  w ith  an a p e r tu r e  t h a t  a llo w ed  o n ly  one o f  th e s e  g r id s  to  be  io n
bombarded b u t  i t  was a r ra n g e d  t h a t  b o th  re c e iv e d  th e  same c o v e rin g  o f
s i l i c o n  o x id e , s i l v e r  d e p o s i t  and re a c h e d  th e  same te m p e ra tu re .  The g r id
h o ld e r  was in s u la te d  from  ground e x c e p t v ia  th e  the rm ocoup le  and c u r r e n t
i n t e g r a t o r  system . A f te r  th e  r e q u ir e d  dose o f  io n s  was r e g i s t e r e d  on th e
o
e le c t r o n  m icroscope g r id  th e  h o ld e r  was ta k e n  up to  440 C and s u b je c te d
I4 - 1 - 1
to  2 .2  x  10 s i l v e r  atom s cm sec  f o r  60 se c o n d s . B oth  g r id s  w ere th e n
exam ined in  th e  e l e c t r o n  m icro sco p e .
Only a few bombarded g r id s  showed a  m easu rab le  n u c le a t io n  d e n s i ty  
a lth o u g h  u nder s im i la r  c o n d i t io n s  p r e f e r e n t i a l  d e p o s i t io n  had  b een  o b ta in e d  
on SiO covered  g o ld .  T h is  e f f e c t  was th o u g h t due to  th e  s i l i c o n  o x id e  
c h a rg in g  up betw een th e  cop p er g r id  l i n e s .  A lthough  a 200 -  500 J! SiO 
f i lm  can n o t s tan d  a  p o t e n t i a l  o f  more th a n  1 - 5  v o l t s  a c ro s s  i t s  th i c k ­
n e s s ,  much l a r g e r  d is ta n c e s  a r e  in v o lv e d  i n  th e  open g r id  c i r c l e s .  Due 
to  th e  v e ry  h ig h  s u r fa c e  r e s i s t a n c e  i t  i s  p ro b a b le  t h a t  th e  SiO f i lm  co u ld  
ch a rg e  t o  te n s  i f  n o t  hund reds o f  v o l t s  and incom ing io n s  co u ld  b e  r e p e l l e d  
and th e  e f f e c t  o f  s u r f a c e  s e n s i t i z a t i o n  n u l l i f i e d .
Some g r id s  d id  how ever show s i l v e r  n u c le a t io n ,  p ro b a b ly  i n  
th e s e  c a se s  th e  s u r fa c e  topo g rap h y  o f  th e  f i lm  was such t h a t  th e  SiO fi|»n 
made f a i r l y  in t im a te  c o n ta c t  w ith  th e  s t a i n l e s s  s t e e l  p lu g s  h o ld in g  th e  
g r id s  in  p o s i t io n  so th e  io n  ch a rg e  was le a k e d  away. Such a r e s u l t  i s
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ions On3' prior to Silver deposition
P lo ts  6 . 1  [  f - f e c t s  o f  /on e n e r j j  Au*
i on i m p l a n t a t i o n  o n  r t u c l e d h o n  o f  /7y
on Si  0  Magnificat ion 62 0 ,0 00
1 2 1
shown i n  P l a t e  6 .1 •  The n u c le a t io n  d e n s i ty  i s  v i r t u a l l y  ze ro  on th e  
uhbombarded re g io n  h u t  where bombardment h as  o c c u rre d  i t  i s  seen  to  be  
6 x 1 0  cm ,
6*4*2.2  E f f e c t s  o f  Cu io n  im p la n ta t io n
6 .4 * 2 .2 01 Minimum dose, v e rs u s  energy  f o r  p r e f e r e n t i a l  d e p o s i t io n
The e f f e c t s  o f  g o ld  im p la n ta t io n  have been  f a i r l y  c lo s e ly  
s tu d ie d  and w ith o u t p r e -q u o tin g  th e  c o n c lu s io n s  to  t h i s  v/ork i t  i s  obv ious 
t h a t  th e s e  io n s  a re  s u i t a b le  f o r  in d u c in g  th e  p r e f e r e n t i a l  d e p o s i t io n  o f  
s i l v e r  on s i l i c o n  o x id e . The e f f e c t s  o f  co p p er have been  d e l i b e r a t e l y  l e s s  
s tu d ie d ,  b u t  i t  was i n t e r e s t i n g  to  know i f  co p p er io n s  c o u ld  be made 
to  s e n s i t i z e  th e  s i l i c o n  o x id e  s u r fa c e  and th e  c o l l e c t io n  o f  minimum dose  
d a ta  was u s e f u l .  However no tim e was sp e n t i n  e s ta b l i s h in g  a  dose  r a t e  
d e p e n d a n c e ,n e ith e r  w ere n u c le a t io n  e f f e c t s  s tu d ie d .
The r e s u l t s  o f  th e  minimum dose  v e rs u s  io n  energy  f o r  in d u c in g
p r e f e r e n t i a l  d e p o s i t io n  a r e  g iv e n  i n  th e  fo llo w in g  t a b l e s .  The s i l v e r
e v a p o ra tio n  p a ra m e te rs  were
o + o
T = 440 C -  5 C
14 -1 -I
q = 2 .2  x  10 atom s cm sec
t  = 300 sec s
These p a ra m e te rs  w ere e s ta b l i s h e d  a f t e r  i t  had  been  shown t h a t  u n r e a l i s t i c -
a l l y  h ig h  co p p er ion d o ses  w ere req u ire d  to  g iv e  a  s i l v e r  d e p o s i t  a f t e r
14 _)
2 m in u tes  a t  2 .2  x  10 cm sec  . Io n  c u r r e n t  d e n s i t i e s  w ere betw een
> - 2  0 .3  and 0 .6  HA cm .
I l l
TABLE 6 .7
e
Io n  E nergy  
A c c e le ra tio n  v o l ta g e  -  
r e t a r d a t i o n  v o lta g e
Minimum Io n  dose  
|iC cm
80 200 -  20
200 280 i  20
300 350 i  20
I t  was n o t  p o s s ib le  t o  o b ta in  t r u e  a tom ic d o ses  b e c a u se  o f  th e  
f a i l u r e  in  m easu ring  th e  tra p p in g  f r a c t i o n s .  G e n e ra l ly  th e  minimum m easured 
ch a rg e  d o ses  a r e  h ig h e r  th a n  th o s e  r e q u ir e d  f o r  g o ld  s e n s i t i z a t i o n  and  in  
view  o f  th e  r e s u l t s  so f a r  o b ta in e d  w ith  g o ld  io n s  i t  i s  co n c lu d ed  t h a t
co p p er o f f e r s  no ad v an tag e  f o r  in d u c in g  p r e f e r e n t i a l  d e p o s its#
6 .4 .2 .3  E f f e c ts  o f  Cd io n  im p la n ta t io n
No s e n s i t i z a t i o n  o f  th e  s i l i c o n  o x id e  s u r fa c e  c o u ld  b e  found 
u s in g  Cd io n s .
Io n  do ses  o f  up to  500 HC cm 1 were im p la n te d  a t  e n e rg ie s  v a ry in g  
betw een 70 and 500 eV. P r e f e r e n t i a l  d e p o s i t io n  was n o t  o b se rv ed  even 
though  f lu x e s  o f  6 .6  x  10 s i l v e r  atom s cm w ere employed w ith  a  s u b s t r a t e  
te m p e ra tu re  o f  440°C.
6 .4 * 2 .4  E f f e c t s  o f  carbon  io n  im p la n ta tio n
A gain no s e n s i t i z in g  e f f e c t s  w ere found w ith  th e s e  io n s  even when 
th e  t o t a l  d oses exceeded 500 J!C cm •
6 .4 .3  D isc u s s io n
6 .4 .3 .1  P o s s ib le  mechanisms in v o lv e d  in  th e  s e n s i t i z a t i o n  p ro c e s s
Enough e x p e rim e n ta l ev idence  h as  been  accum ula ted  to  a llo w  an  
a tte m p t t o  be  made to  fo rm u la te  a model t h a t  w i l l  acco u n t f o r  th e  s e n s i t i z a ­
t i o n  p ro c e s s .  D isc u ss io n  and q u a n t i t a t iv e  c a l c u la t io n s  w i l l  be  r e s t r i c t e d  
to  th e  g o ld  im p la n ta t io n s .
I 'Lb
F i r s t l y  i t  i s  deduced th a t  f o r  th e  e lem en ts  s tu d ie d  r a d i a t i o n  
damage*has no s ig n i f ic a n c e  i n  th e  s e n s i t i z in g  p ro c e s s  f o r  th e  fo llo w in g  
re a s o n s . The o n ly  s i g n i f i c a n t  damage w i l l  "be due to  s p u t te r in g  b ecau se  
th e  th in n e s s  o f  th e  s i l i c o n  ox ide  would n o t a llo w  s u r fa c e  ch a rg e  c e n t r e s  
to  b u i ld  u p . I f  th e  sim ple  momentum exchange model f o r  s p u t t e r in g  i s  
assumed th e n  th e  maximum f r a c t i o n s  o f  k i n e t i c  energy  th a t  can h e  t r a n s ­
f e r r e d  in  an e l a s t i c  c o l l i s i o n  betw een Au, Cd and Cu and s u r fa c e  oxygen 
w i l l  be 0 .2 8 ,  0.A4 and 0.64 r e s p e c t iv e ly  so cadmium sho u ld  t h e o r e t i c a l l y  
produce more s u r fa c e  damage th a n  g o ld . However th e  p r e s e n t  ex p erim en ts  
show t h a t  no p r e f e r e n t i a l  d e p o s i t io n  can be o b ta in e d  u s in g  cadmium im p la n t­
a t io n  and g o ld  s e n s i t i z e s  more e f f i c i e n t l y  th a n  copper y e t  sh o u ld  cause  
l e s s  damage.
I t  i s  deduced t h a t  im p lan ted  im p u r i t i e s ,  c o n t r ib u t in g  to  th e  
s e n s i t i z a t i o n  p ro c e s s  a f t e r  lo s in g  k i n e t i c  energy  a c t  a s  norm al im p u r i t i e s  
and i n  some way form  s ta b l e  t r a p p in g  n u c le i  i n  th e  s u r fa c e  o f  th e  s u b s t r a t e .  
F i r s t l y  th e  d e n s i ty  o f  th e s e  n u c le i  t h a t  co u ld  a cc o u n t f o r  th e  o b serv ed  
e f f e c t s  w i l l  be e s ta b l i s h e d .
N ecessa ry  d e n s i ty  o f  s ta b l e  n u c le i  f o r  o b serv ed  co v erag e  o f
s u b s t r a te
E x p erim en ts  r e p o r te d  h e re  have shown t h a t  a  v i s i b l e  d e p o s i t  o f  
s i l v e r  r e s u l t s  where s e n s i t i z a t i o n  h as  o c c u rre d  w ith  th e  s i l v e r  d e p o s i t io n  
p a ram e te rs
120 s e c s
I t  i s  e s t im a te d  t h a t  f o r  a  v i s i b l e  d e p o s i t  th e  s u r f a c e  coverage 
o f  s i l v e r  sh o u ld  be ~  10^5. From th e  few r e s u l t s  o b ta in e d  o f  e a r ly  
n u c le a t io n  on s e n s i t i z e d  p o r t io n s  o f  th e  s u b s t r a t e  th e  n o n -c o a le s c in g
i< _ -j.
c l u s t e r  d e n s i ty  was found to  be  ~  6 x  10 cm • An e s t im a te  o f  th e  
s u r fa c e  coverag e  can be  o b ta in e d  i f  th e  d e n s i ty  o f  c l u s t e r s  i s  known by 
u s in g  th e  s im p le  Lew is-C am pbell ( 1967) c l u s t e r  grow th r e l a t i o n s h i p .  I t  can 
be shown t h a t  th e  c a p tu re  r a t e  o f  a  s t a b l e  n u c le u s  i s
. . .  (6 ,6)
where Ma  i s  th e  number o f  s i t e s  v i s i t e d  by th e  ad atom b e fo re  d e s o rb tio n  
and i s  d e f in e d  i n  e q u a tio n  2 ,4  p 2 6  , From 6 ,6  th e  s u r fa c e  co v erag e  a f t e r
t  se c s  f o r  a s t a b l e  n u c le a t io n  d e n s i ty  g cm
R ~ . . .  ( 6 .7 )
I n s e r t i n g  th e  e x p e r im e n ta lly  e s ta b l i s h e d  v a lu e s  E 
and th e  p a ra m e te rs  a l re a d y  g iv e n
a. 0 .3  eV, Ed = 0 .1  eV
-  B
R ■v 6*0 . io •*. (6.3)
so f o r  R > 10^
g i  1 .7  x  10 cm
I t  m ust be  p o in te d  o u t t h a t  t h i s  s im p le  t r e a tm e n t  i s  non— 
r ig o ro u s  b ecau se  th e  c a p tu re  s iz e  o f  th e  n u c le u s  h as  n o t  been  v a r ie d  w ith  
g row th . However th e  c a lc u la te d  v a lu e  shou ld  be  o f  th e  r i g h t  o r d e r .
6»4«3«1»2 R e lev an t p ro c e s s e s  o c c u rr in g  d u rin g  io n  'bombardment
W ith  th e  low  energy  io n  bombardment d e a l t  w ith  i n  t h i s  s tu d y  
th e r e  ap p e a r to  be two mechanisms t h a t  may be r e le v a n t  t o  th e  n u c le a t io n  
p ro c e s s e s  in v o lv e d  i n  s u r fa c e  s e n s i t i z a t io n *
(a )  When th e  low energ y  io n s  p e n e t r a te  th e  s u b s t r a te  th e y  w i l l  
s u f f e r  l a r g e  a n g le  s c a t t e r i n g ,  a f t e r  lo s in g  t h e i r  c h a rg e , u n t i l  th e y  
lo s e  t h e i r  k i n e t i c  en erg y  and re a c h  th e rm a l e q u i l ib r iu m  w ith  th e  
s u b s tr a te *  Some atom s w i l l  be b a c k s c a t te r e d  th ro u g h  th e  s u r fa c e  and be 
l o s t  from  th e  ta rg e t*  O th e rs  t h a t  a re  tra p p e d  w i l l  re a c h  th e  s u r fa c e  
h av in g  j u s t  l o s t  t h e i r  k i n e t i c  energy* When t h i s  happens th e s e  
im p u r i t i e s  w i l l  be  in  th e rm a l e q u i l ib r iu m  w ith  th e  s u r fa c e  and 
w i l l  behave a s  n o rm a lly  d e p o s ite d  atom s and f o r a  s u r f a c e  n u c l e i  
o r  desorb*  The f r a c t i o n  o f  in c id e n t  im p u r ity  atom s f u l f i l l i n g  
t h i s  req u ire m e n t w i l l  no d oub t be sm a ll b u t n e v e r th e le s s  c o u ld  be  
s ig n i f i c a n t  so th e  phenomenon i s  w orthy  o f  t h e o r e t i c a l  in v e s t ig a t io n *  
F o r  th e  p u rp o ses  o f  c l a s s i f i c a t i o n  t h i s  p ro c e s s  w i l l  b e  d e s ig n a te d  
*The B a c k s c a t te r in g  M odel*.
t o  When low energy  im p u r i t i e s  become tra p p e d  i n  a s u b s t r a t e  
l a t t i c e  th e y  can come t o  r e s t  i n  e i t h e r  i n t e r s t i t i a l  o r  
s u b s t i t u t i o n a l  s i t e s .  As th e  p r e s e n t  s tu d y  i s  r e s t r i c t e d  t o  g o ld  
i t  i s  r e a s o n a b le  to  assume t h a t  b ecau se  o f  i t s  ch em ica l i n a c t i v i t y  
w ith  e i t h e r  th e  s i l i c o n  o r  oxygen in  th e  s u b s t r a t e ,  th e  m a jo r i ty  
o f  atom s w i l l  ta k e  up i n t e r s t i t i a l  p o s i t i o n s .  T hese atom s w i l l  
be f r e e  to  move th ro u g h o u t th e  l a t t i c e  by d i f f u s io n  and a r e  
ex p ec ted  to  a g g re g a te  i n t o  s t a b l e  c l u s t e r s  w ith in  a lam in a  
th ic k n e s s  o f  th e  o rd e r  o f  th e  maximum io n  ra n g e . I n  t h i s  way a  
d e n s i ty  o f  c l u s t e r s  w i l l  be form ed w ith in  th e  s u r f a c e  l a y e r  and  
co u ld  a c t  a s  tr a p p in g  s i t e s  f o r  th e  su b se q u e n tly  d e p o s i te d  s i l v e r  
atom s.
I26
T here  i s  a l r e a d y  e x p e rim e n ta l v e r i f i c a t i o n  t h a t  g o ld  
* im p lan ted  a t  low  energy  in t o  s i l i c o n  ox ide  does form  d i s c r e t e  
c lu s te r s *  The e le c t r o n  m icrograph  shown in  P la t e  6 .2  i s  o f  
r e c o i l  im p la n te d  g o ld  and h e re  th e  a g g re g a te s  a re  c l e a r ly  
v i s i b l e .  T h is  m odel w i l l  he known a s  th e  V olum e C lu s te r  
F o rm atio n  m odel*•
B oth m odels w i l l  now he in v e s t ig a t e d  in  l i g h t  o f  n u c le a t io n
th e o ry .
6.4*3«1»3 The h a c k s c a t te r in g  model
I f  j a i s  th e  io n  c u r r e n t  d e n s i ty  in c id e n t  on th e  s u b s t r a t e  
th e n  th e  a r r i v a l  r a t e  o f  atom s h a c k s c a t te r e d  on to  th e  s u r fa c e  w i l l  h e
\  ■ L
w here k^ i s  th e  f r a c t i o n  t h a t  on h a c k s c a t te r in g  j u s t  r e a c h  th e rm a l 
e q u i l ib r iu m  w ith  th e  s u b s t r a t e  i n  th e  s u r fa c e  l a y e r .
The r a t e  o f  fo rm a tio n  o f  s t a b l e  n u c le i  a c c o rd in g  to  th e  r e ­
fo rm u la te d  Chapman Jo rd a n  th e o ry  (S ee C h a p te r  2 p 5 2  ) w i l l  he l i n e a r  w ith  
tim e  u n t i l  th e  n u c le a t io n  d e n s i ty  i s  enough to  cause  th e  s in g le  atom
p o p u la t io n  to  he governed  by c a p tu re  r a t h e r  th a n  r e - e v a p o r a t io n .  A f te r  t h i s
Vi
o c c u rs  th e  v a r i a t i o n  i n  c l u s t e r  d e n s i ty  w i l l  he p r o p o r t io n a l  to  t  .  The 
d e p o s i t io n  tim e  f o r  t h i s  t r a n s i t i o n  can he o b ta in e d  by e q u a tin g  e q u a tio n s  
2 .20  and 2.21 (p  52. ) .  Assume v = v -  v then
t  = t'S ' . . . ( 6 . 9 )
6K mi<£ P kT
I n s e r t i n g  th e  c a lc u la te d  v a lu e  f o r  E ^  (Au) = 0.2*4 eV and assum ing
E^.-(Au) = E^ (Ag) = 0 .1  eV (m easured C h ap te r I I I )  and s e t t i n g
.  10
V ~  2 x  10 sec th e  fo llo w in g  v a lu e s  f o r  t  a r e  found
R C
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Plate G'2 6 o id  clusters in SiO form ed 
i>\j recoil implantation due to incident f \ f /on 
bombardment ( See Appendix f l‘3 ) .  Mojnificaliort d'lo lo
t
R -  C
<3 z
10 4  . 10
•o
10 4  . 0
II -z
10 4  . 10
T = 293°K
I t  f o l lo w s  t h a t  g  i s  o b ta in a b le  b y  i n s e r t i n g  q  and t  i n t o  
(R  -» C) b (R  -> C)
e q u a t io n  2.20  and f o r  c o n s ta n t  a c t i v a t io n  e n e rg y  and te m p e ra tu re s
8 _2.
g = c o n s t  = 5*8 • 10 cm
R -> C
I t  i s  m os t u n l i k e l y  t h a t  k . > 0 .1  and th e  s e n s i t i z a t io n  e f f e c t  has been
I* _ Z  - I
d e te c te d  f o r  a r r i v a l  r a te s  o f  io n s  down t o  2*0  x  10 cm sec • 
so _j
A ssum ing  q ~  10 cm sec th e  n u c le a t io n  d e n s i t y  f o r  bom bardm ent
b
d u r a t io n  g r e a te r  th a n  t  can be  c a lc u la te d  fro m  2 .2 1 .  The a c t u a l  bom b a rd -
R C
m ent t im e  f o r  o b se rve d  s e n s i t i z a t io n  a t  th e  io n  a r r i v a l -  r a t e  above was 
230 s e c s . I n s e r t in g  th e s e  v a lu e s  i n t o  2 .21  i t  i s  fo u n d  t h a t
/  \  ^  - 7.
g ( 230) = 3 x  10 cm
I t  i s  a p p a re n t t h a t  t h i s  v a lu e  i s  to o  s m a ll b y  n e a r ly  tw o  o rd e rs  
o f  m a g n itu d e  t o  a c c o u n t f o r  an o b s e rv a b le  s i l v e r  d e p o s i t  so i t  can be  
c o n c lu d e d  t h a t  th e  b a c k s c a t te r in g  e f f e c t  i s  i n s i g n i f i c a n t .
6 . 4 . 3 . 1 .4  The vo lum e  c lu s t e r  fo r m a t io n  m ode l
F o r  t h i s  m odel i t  i s  assumed t h a t  g o ld  io n s  t h a t  p e n e t r a te  th e
s u b s t r a te  a re  n e u t r a l is e d  on th e  f i r s t  c o l l i s i o n  th e n  fo rm  a dynam ic s in g le
atom  p o p u la t io n  d e n s i t y  t h a t  can be d e p le te d  o n ly  b y  th e  fo r m a t io n  o f  
s ta b le  n u c le i  o r  b y  b e in g  c a p tu re d  i n t o  a lr e a d y  e x is t in g  c lu s t e r s .  I t  i s  
f u r t h e r  assumed t h a t  c lu s t e r s  fo rm e d  d u r in g  bom bardm ent a re  im m o b ile  even 
a t  th e  e le v a te d  te m p e ra tu re  re a ch e d  f o r  s i l v e r  d e p o s i t io n .
12 9  ; V a ' - v: / -
The problem  i s  to  c a l c u la te  th e  r a t e  o f  fo rm a tio n  o f  c l u s t e r s
i n  th e  volum e occu p ied  by  th e  tra p p e d  atoms* The c a se  o f  two d im e n s io n a l 
n u c l e i  fo rm a tio n  h a s  been  a l re a d y  d e a l t  w ith  in  C h ap te r I I  and t h i s  th e o ry  
w i l l  be ex tended  to  co v e r volume fo rm a tio n  p ro c e s se s*  H aving c a lc u la te d  
th e  volume d e n s i ty  o f  c l u s t e r s ,  th e  d e n s i ty  p e r  u n i t  a r e a  can b e  d e r iv e d .  
F i r s t l y  th e  m ean s in g le  atom a r r i v a l  r a t e  d e n s i ty  p e r  u n i t  volume i s  
c a lc u la te d  by e s t im a t in g  th e  ra n g e  p r o f i l e  o f  th e  io n s  and in t ro d u c in g  
th e  s im p lify in g  assu m p tio n  t h a t  th e  d e n s i ty  h a s  a c o n s ta n t  mean v a lu e  from  
th e  s u r fa c e  to  th e  maximum range*
The e q u a tio n s  govern in g  c l u s t e r  grow th by volume d i f f u s io n  a r e
s t a t e d  and th e  d e n s i ty  o f  c l u s t e r s  p e r  u n i t  volume form ed d u r in g  th e  
bombardment c y c le  i s  c a l c u la te d .
L in d h a rd t e t  a l  ( i 9^3) assume t h a t  th e  ra n g e  d i s t r i b u t i o n  
o f  im p lan ted  io n s  a t  h ig h  energy  form s a  G au ssian  d i s t r i b u t i o n  
ab o u t th e  mean p ro je c te d  range* T h is  a ssu m p tio n  h a s  been  shown 
e x p e r im e n ta lly  to  b e  a c c e p ta b le  f o r  d is o rd e re d  s t r u c t u r e s .  I t  
i s  r e a s o n a b le  to  assume t h a t  th e  ran g e  d i s t r i b u t i o n  f o r  low energ y  
im p la n te d  io n s  w i l l  d e g e n e ra te  to  a  P o is so n  fu n c t io n  b e a r in g  i n  
mind t h a t  a  P o is so n  d i s t r i b u t i o n  converges  to  a  G au ssian  fu n c t io n  
f o r  la rg e  mean v a lu e  num bers.
L e t x  be  th e  mean io n  ran g e  i n  atom ic  la y e r s  th e n  th e  
p r o b a b i l i t y  th d t  an io n  w i l l  p e n e t r a te  x  a tom ic la y e r s  w i l l  be
I t  i s  r e a s o n a b le  to  assume t h a t  a t  low im p lan t e n e rg ie s  p en e­
t r a t i n g  io n s  lo s e  a c o n s ta n t  amount o f  energ y  p e r  a to m ic  l a y e r  
AEj , th e n
( a ) Range p r o f i l e  o f  im p la n te d  io n s
•  •  • ( 6. 10)
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F o r th e  p u rp o ses  o f  th e s e  c a l c u la t io n s  th e  maximum io n  
ran g e  h a s  been  d e f in e d  a s  th e  v a lu e  t h a t  s a t i s f i e s  th e  
r e l a t i o n s h ip
O - 9 9  = L  ’ . . .  ( 6. 12)
o
To s im p lify  m a tte r s  i t  h a s  been  assumed t h a t  f o r  low
I
energy  im p la n ta t io n s ,  th e  number o f  im p la n te d  atom s e n te r in g  
th e  s u b s t r a te  p e r  u n i t  volum e in  u n i t  tim e  i s  c o n s ta n t  betw een  
th e  s u r fa c e  and a d ep th  e q u a l to  x ^  a tom ic l a y e r s .  T h is  a r r i v a l  
r a t e  i s  sim ply  e v a lu a te d  a s
Q  _ . . .  (6 .13 )
v "  U m
where j  3-s th e  io n  c u r r e n t  d e n s i ty  e n te r in g  th e  s u r f a c e .
0>) The fo rm a tio n  r a t e  o f  s ta b l e  c l u s t e r s  in  th e  s u b s t r a t e
The problem  i s  to  fo rm u la te  a model t h a t  a llo w s  c a l c u l a t i o n s
o f  th e  fo rm a tio n  r a t e  o f  s t a b l e  c l u s t e r s  from  th e  s in g le  atom
a rr iv a l ra te  defined in  6 .1 3 . I t  i s  assumed th at t h is  c lu s te r  
, n
d e n s i ty  g y cm , i s  homogeneous betw een x  = 0 and x  = x ^ .
The tr e a tm e n ts  o f  s u r f a c e  n u c le a t io n  g iv e n  i n  C h a p te r  I I  
and p a r t  v e r i f i e d  in  C h ap te r I I I  sh o u ld  be a p p l ic a b le  to  t h r e e  
d im en sio n a l c l u s t e r  fo rm a tio n . The o n ly  d i f f e r e n c e  w i l l  b e  th e  
s in g le  atom p o p u la tio n  lo s s  p ro c e s s e s .
In  th e  s u r fa c e  c a s e ,  atom s can be l o s t  by r e - e v a p o r a t io n ,  
by n u c le i  fo rm a tio n  and c a p tu re  in t o  s ta b le  n u c le i#  In  th e  
volume c a se  how ever, th e  fo rm er l o s s  mechanism w i l l  be 
i n s i g n i f i c a n t  a t  room te m p e ra tu re  and g o ld  d o u b le ts  and h ig h e r  
m u l t ip le t s  form ed d u rin g  bombardment w i l l  be s t a b l e  a t  
te m p e ra tu re s  much in  e x c e ss  o f  th o s e  u sed  in  th e  c u r r e n t  
ex p erim en ts  (S ee C h ap te r IV )•
Z in sm e is te r* s  (1968) r a t e  e q u a tio n  f o r  th e  s in g le  atom  
s u r fa c e  p o p u la tio n  i s  g iv en  i n  C h ap te r  I I  e q u a tio n  2 .8a# F o r  
th r e e  d im e n s io n a l c l u s t e r  fo rm a tio n  t h i s  e q u a tio n  w i l l  s im p l ify  
to
—  = %  -  
dt
Z in s m e is te r1s t r e a tm e n t y ie ld s  c l u s t e r  d e n s i ty  v e r s u s  tim e  
dependance t h a t  v a r ie s  w ith  th e  d e p o s i t io n  d u r a t io n  ( s e e  e q u a t io n s  
2 .1 1 , 2 .1 2  and 2 .1 3 ) .  S im i la r  r e l a t i o n s h ip s  can be d e r iv e d  f o r  6 .1 4  
b u t  i n  t h i s  c a se  on ly  two s o lu t io n s  w i l l  be r e le v a n t  nam ely th o s e
embodied i n  2.11 and 2.13# Nov/ i f  e q u a tio n  2.11 and  2 .1 3  a re
/
ex p re ssed  i n  te rm s o f  th e  d e n s i ty  o f  i n t e r s t i t i a l  s i t e s  Nc
I
and th e  l a t t i c e  v ib r a t io n  fre q u e n c y  v a s  i n  t h e  s u r fa c e  c a se  
th e  two re le v an t e x p re s s io n s  a re  a s  fo llo w s .
In  th e  e a r ly  s ta g e s  o f  bom bardm ent, from 2.11
%  = V_ >  exf> - Jk. t3
2 u'0 kT
and l a t e r  when c a p tu re  i n to  s t a b l e  c l u s t e r s  do m in a tes  th e  s in g le  
atom p o p u la t io n .
. . .  (6.15)
... ( 6. 14)
\VL
(6 .16)
E q u a tio n  6 ,1 6 i s  d e r iv e d  from 2.13*
The c l u s t e r  d e n s i ty  v e rs u s  tim e  dependance w i l l  change 
from 6 .1 5  t o  6.16 a f t e r  a  bombardment d u ra t io n  o f
(6 .1 7 )
so u se  o f  6 .1 3  -  6 ,1 7  a llo w s c a l c u la t io n  o f  g * f o r  any v a lu e  
o f  bombardment d u ra t io n  t .
(c )  N um erica l c a l c u la t io n s
E x p e rim e n ta l r e s u l t s  have shown t h a t  a t  e n e rg ie s  betw een 
say  75 and 100 eV th e  s e n s i t i z a t i o n  e f f e c t  o ccu rs  when
* l> ..2 . «. i _
j  ~  2 * 0  K  10 io n s  cm sec  .  To c a l c u l a t e  q i t  i s  
n e c e s s a ry  to  e s t im a te  x  and hence x .  V alu es  o f  A E. a r e  n o tM i
a v a i la b le  b u t  a  re a s o n a b le  f ig u r e  i s  betw een 30 and 30 eV,
N elso n  1970 ( P r iv a t e  C om m unication). P o r  th e  p u rp o se s  o f  th e s e  
c a lc u la t io n s  i t  i s  assumed t h a t
A E. = 30 eV 
E . = 100 eV
SO  X 2 atom ic la y e r s
Nov/ p u t t in g  f (x )  = £  ?(x) a  P o is so n  d i s t r i b u t i o n  f o r
o
x  = 2 g iv e s  th e  fo llo w in g  v a lu e s
I33
f (1 ) f (2 ) f (3 ) f (4 ) f (5 ) f  (6 )
0 .4 0 6 0 .6 7 7 0 .8 5 7 0 .9 4 7 0 .983 0 .9 9 5
The c r i t e r i o n  s e t  o u t i n  6.12  le a d s  to  a x^  v a lu e  o f
so p u ttin g  6 = 2 .6  and x ^ in t o  equation 6.13
q = 1 .2  x  10 atom s cm secv
In  th e  h a c k s c a t te r in g  model c a l c u la t io n s  i t  was assum ed 
t h a t  th e  s u r fa c e  d i f f u s io n  energy  f o r  g o ld  atom s was a s  
ab o u t th e  same a s  t h a t  m easure f o r  s i l v e r  i e  0 .1  eV. I f  th e  
f u r th e r  s im p lify in g  assum ption  i s  made, t h a t  i n  th e  c o m p le te ly  
d is o rd e re d  s i l i c o n  o x id e  th e  s t r u c tu r e  i s  a  sim ple  c u b ic  m a tr ix ,  
th e n  on av e ra g e  th e  tra p p e d  g o ld  atom w i l l  be in f lu e n c e d  by 
double th e  number o f  s u b s t r a te  atom s w ith in  th e  volum e th a n  on 
th e  s u r f a c e .  T h is  f a c t o r  w i l l  be th e  same f o r  maximum and minimum
i
i n t e r a c t i o n  e n e rg ie s  so th e  v a lu e  o f  Eti shou ld  l i e  betw een 
Ea and 2 E^.
i e
<  ~ ( o : 12 e v
so w ith  th e  o th e r  r e le v a n t  p a ra m e te rs
T = 293°K
N
ax
~  6  x  10 cm ( th e  mean a tom ic d e n s i ty  o f  SiO )
V
- l
~  10 sec (Assumed)
t ~  230 seconds (e x p e r im e n ta l ly  d e te rm in ed )
!34
E quations 6 .15  -  6.17 y ie ld  th e  v a lu es
g a f t e r  230 sec s  ~  0 .8  -  3 .0  x  10 c l u s t e r s  cm
These c a lc u la t io n s  p r e d ic t  t h a t  th e r e  vri.ll e x i s t  betw een 
th e  s u b s t r a te  s u r fa c e  and th e  maximum ion ran g e  ( ~  15 $ )  a  d e n s i ty
I T  - 3
o f  s t a b l e  c l u s t e r s  betw een 0 .8  and 3 . 0  x 10 cm depend ing  on 
»
E^ , so a t  th e  s u r fa c e  p la n e  a s  a t  a l l  o th e r  p la n e s  th e  d e n s i ty  
o f  c l u s t e r s  w i l l  be
Vs u . 2.
g = (g ’ ) ~  1 .9  4 . 5  10 cm
$
T h is  v a lu e  i s  o f  th e  same o rd e r  a s  th e  t h e o r e t i c a l  minimum 
d e r iv e d  on page 1-25 and i f  th e  a n a ly s i s  i s  t r u e  would g iv e  a 
s u r fa c e  coverage  o f  around  20ffo»
T h is  r e s u l t  i s  en cou rag ing  and su g g e s ts  t h a t  th e  volume 
c l u s t e r  fo rm a tio n  model can g iv e  r e s u l t s  t h a t  a r e  i n  good a g re e ­
ment w ith  ex p erim en t.
The c a l c u la t io n s  a re  now ex tended  to  th e  o th e r  e x p e rim e n ta l 
r e s u l t s  o b ta in e d  nam ely th e  minimum e f f e c t iv e  dose  v a lu e s .
6.4.3«>2 C a lc u la t io n s  o f  c l u s t e r  d e n s i t i e s  form ed d u r in g  minimum io n  dose  
ex p erim en ts
I t  i s  obv ious t h a t  th e  minium io n  dose f o r  p r e f e r e n t i a l  d e p o s i t io n
shou ld  g iv e  s im i la r  v a lu e s  f o r  s ta b l e  c l u s t e r  d e n s i ty  so th e  p r e s e n t  model
i f  r e a l i s t i c  shou ld  y ie ld  re a so n a b ly  c o n s ta n t  g v a lu e s  ov er th e  io n  energy
ran g e  s tu d ie d .  The r e le v a n t  p a ra m e te rs  f o r  th e  bom barding e n e rg ie s  used in
\he minimum dose te s ts  ta k e n  from  f ig u r e  6 .9are shown in  T ab le  6 .8 .  The io n
si
c u r re n t  d e n s i ty  has  been  ta k e n  a s  0 .5  HA cm i n  a l l  c a se s  so th e  v a lu e s
o f  t  have been  c a lc u la te d  a s  v a lu e s  o f  x  have been  c a l -
0 .5
c u la te d  by a g a in  assum ing A E - ~  50 eV and x ^ h a s  b e e n - e s ta b l i s h e d  from  
P o isso n  d i s t r i b u t i o n . t a b l e s .
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s
e
c
0 I t  can be seen  t h a t  th e  a n a ly s i s  g iv es  re a so n a b ly  c o n s ta n t
v a lu e s  f o r  g f o r  th e  th r e e  lo w e s t e n e rg ie s ,  b u t  d e v ia te s  to  h ig h e r  s ,
v a lu e s  as  io n  energy  in c r e a s e s ,  T h is  c o u ld  be due to  an  o v e r­
s im p l i f i c a t io n  i n  th e  assu m p tio n  t h a t  = c o n s ta n t  betw een x  = 0
and  x  = x  . I f  th e  P o is so n  d i s t r i b u t i o n  i s  s t i l l  assum ed, b u t  i t  i s  m
now assum ed th a t  on ly  atom s tra p p e d  betw een x  = 0 and x  = x^ c o n t r ib u te
to  th e  s u r fa c e  n u c le a t io n  where x . = c o n s ta n t  < x  th e n  s l i g h t l yi  m
d i f f e r e n t  v a lu e s  o f  g a r e  o b ta in e d . L e t  x . have th e  x  v a lu e  f o r  th e°s  i  m
100 eV c a se  i e  6 l a y e r s ,  th e n  th e  r e s u l t s  f o r  t h i s  c a l c u la t io n  a r e  a l s o
shown i n  T ab le 6 .8 .  The g v a lu e s  a r e  c e r t a in l y  more c o n s ta n t  i n  t h i ss
c a s e , b u t  i t  i s  p h y s ic a l ly  no e a s i e r  to  j u s t i f y  t h i s  second  assu m p tio n  
w ith o u t more e x a c t know ledge o f  th e  r e l e v a n t  th r e e  d im en s io n a l m ig ra t io n  
p ro c e s s e s .
A t t h i s  s ta g e  i t  may be concluded  t h a t  th e  volume c l u s t e r  model
g iv e s  v a lu e s  o f  g t h a t  a r e  o f th e  r i g h t  o rd e r  o f  m agn itude . The th e o ry  s
co u ld  be r e f in e d ,  b u t  la c k  o f  know ledge re g a rd in g  volume m ig ra t io n  o f  
tr a p p e d  atom s w ould make t h i s  d i f f i c u l t .
6 .5  Summary and Conclusions
The aim s s e t  o u t i n  6.1 have been  in  m ost c a s e s  s a t i s f a c t o r i l y  
s a t i s f i e d .  I t  h a s  been  shown t h a t
( i )  G old and co p p er im p la n te d  io n s  a c t  a s  s e n s i t i z in g  a g e n ts  
f o r  s i l v e r  on s i l i c o n  o x id e  above T .# in  th e  io n  energy
ran g e  up to  a few hundred  e le c t r o n  v o l t s .
( i i )  T rue minimum io n  dose v e rs u s  io n  en erg y  v a lu e s  have been  
o b ta in e d  f o r  g o ld  and th e  t r e n d  e s ta b l i s h e d  f o r  c o p p e r.
( i i i )  U se fu l d a ta  on tr a p p in g  p r o b a b i l i t i e s  f o r  g o ld  i n  s i l i c o n  
o x ide  h as  been o b ta in e d .
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( iv )  I t  h as  been  shown t h a t  s u r f a c e  damage due to  s p u t te r in g  i s  
u n l ik e ly  to  c o n t r ib u te  s ig n i f i c a n t l y  to  th e  p r e f e r e n t i a l  
d e p o s i t io n  se n s5 .tiz in g  e f f e c t .
10 (v) A s im p le  model b a se d  on a th e o ry  e x p e r im e n ta lly  t e s t e d  in
th e  p r e s e n t  work h as  been  shown to  e x p la in  th e  p r e f e r e n t i a l  
d e p o s i t io n  r e s u l t s .
( v i )  I f  s u i t a b l e  beam o p t ic s  w ere d e v ise d  th e n  th e  phenomena 
c o u ld  be  used  to  t r a c e  conducting  in te r c o n n e c t io n s  a t  low beam 
e n e rg ie s .
In  C h ap te r V I I I  when th e  o v e r a l l  c o n c lu s io n s  from  th e  p r o j e c t  
a r e  draw n, s p e c u la t io n s  w i l l  be made re g a rd in g  th e  u se  o f  im p u r ity  
im p la n ta t io n s  a t  more a c c e p ta b le  io n  e n e rg ie s  f o r  c o n v e n tio n a l io n  
im p la n ta t io n .  B efo re  t h i s  how ever some o th e r  i n t e r e s t i n g  e f f e c t s  due to  
e le c t r o n  bombardment w i l l  be b r i e f l y  d e s c r ib e d .
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CHAPTER V II
Some E f f e c t s  o f  E le c tro n  Bombardment on P r e f e r e n t i a l  D e p o s itio n
7.1  INTRODUCTION
The work d e s c r ib e d  in  t h i s  C h ap te r was l a r g e ly  prom oted by 
r e s u l t s  r e p o r te d  by H i l l  ( 1966) .  He found t h a t  th e  n u c le a t io n  d e n s i ty  
o f  g o ld  d e p o s i t s  on C om ing  7059 g la s s  s i g n i f i c a n t l y  in c re a s e d  when th e  
s u r fa c e  c o n ta in e d  p o s i t i v e ly  ch arg ed  c e n t r e s  and su g g es ted  an enhanced 
i n t e r a c t i o n  betw een p o s i t i v e  s u r fa c e  d ip o le s  and th e  v a le n c y  e le c t r o n s  
o f  th e  g o ld  vapour a tom s.
I t  was c o n s id e re d  th a t  t h i s  phenomena m ight be e f f e c t iv e  f o r  th e  
p r e f e r e n t i a l  d e p o s i t io n  o f  s i l v e r  b eca u se  p o s i t i v e  ch arg ed  c e n t r e s ;  can 
be in tro d u c e d  on to  a d i e l e c t r i c  s u r fa c e  i f  i t  i s  bombarded w ith  e l e c t r o n s  
a t  an energy  where 6, th e  secondary  e l e c t r o n  c o e f f i c i e n t  i s  g r e a t e r  th a n  
u n i ty .  E le c t ro n  bombardment s e n s i t i z a t i o n  h as  th e  p r a c t i c a l  ad v an tag es  
o v er io n  bombardment low er space ch a rg e  expansion  a llo w s  c o n s id e ra b ly
f i n e r  beam fo c u s s in g  and s im p le r  beam scan n in g  o p t i c s .
I t  i s  u n fo r tu n a te  t h a t  th e  p r e s e n t  s tu d y  co u ld  h o t  r e c e iv e  as  
much a t t e n t i o n  a s  th e  p re v io u s  io n  im p la n ta t io n  s tu d y  due to  l i m i t a t i o n s  
o f  tim e . However some en co u rag in g  r e s u l t s  have been  o b ta in e d  and a r e  w orth  
r e p o r t in g .  T hese r e s u l t s  to g e th e r  w ith  c o n c lu s io n s  drawn from  some r a t h e r  
.u n ex p ec ted  e f f e c t s  have a llo w ed  u s e f u l  s u g g e s tio n s  f o r  f u tu r e  w ork.
F i r s t l y  th e  q u a l i t a t i v e  id e a s  t h a t  prom oted th e  e x p e rim e n ta l 
p ro c e d u re s  w i l l  be  d is c u s s e d ,  th e n  th e  ex p erim en ts  w i l l  b e  d e s c r ib e d  and 
r e s u l t s  quo ted  a n a ly se d . F in a l ly  a  model w i l l  be fo rm u la te d  t h a t  a c c o u n ts  
f o r  some o f  th e  b eh a v io u r o b se rv ed .
7 .2  Q u a l i ta t iv e  Id e a s  L eading to  th e  E x p e rim en ta l A rrangem ents
H i l l  ( 1966) compared c l u s t e r  d e n s i ty  a g a in s t  m easured  n e t  p o s i t i v e  
c h a rg e  d e n s i ty ;  he worked a t  room te m p e ra tu re  and d e p o s ite d  a t  an  unknown 
g o ld  a r r i v a l  r a t e .  I n  th e  p r e s e n t  work i t  was n e c e s s a ry  to  e v a p o ra te  s i l v e r  
on to  a s u b s t r a t e  a t  a  te m p e ra tu re  i n  ex ce ss  o f  T .#  _  ^ ^  ^ s0 c o n d i t io n s
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w ere m arked ly  d i f f e r e n t ,  F u rth e rm o re  no a p p a ra tu s  was a v a i la b l e  t h a t  
would m easure n e t  ch a rg e  d e n s i ty  on th e  s u b s t r a t e .
* A n o t h e r  d i f f e r e n c e  was th e  s u b s t r a te  m a te r i a l ,  H i l l  u sed  a 
Barium  alum ina s i l i c a t e  b u t f o r  te c h n o lo g ic a l  re a s o n s  s t a t e d  b e f o r e  i t  
was n e c e s s a ry  to  r e s t r i c t  th e  p r e s e n t  s tu d ie s  to  s i l i c a .  The assu m p tio n  
in  th e  p a s t  work t h a t  ev ap o ra ted  s i l i c o n  o x id e  approx im ated  to  s i l i c a  was 
p ro b a b ly  j u s t i f i e d  b u t  i n  th e  p r e s e n t  work i t  was th o u g h t t h a t  th e  low er 
s u r fa c e  p u r i t y  o f  th e  c o u ld  have s i g n i f i c a n t l y  c o n t r ib u te d  to
d i f f e r e n c e s  i n  c h a rg e  c e n t r e  p ro d u c tio n  and l i f e t i m e s .  The d e c is io n  was 
ta k e n  to  u se  p u re  fu se d  s i l i c a  in  th e  main b u t  compare w h a tev e r r e s u l t s  
t r a n s p i r e d  w ith  f r e s h ly  e v a p o ra te d  s i l i c o n  o x id e .
W ith th e  above l i m i t a t i o n s  i n  mind i t  was n e c e s s a ry  to  c o n s id e r  
th e  p ro c e s s e s  in v o lv e d  in  p o s i t i v e  s u r fa c e  ch a rg e  p ro d u c tio n  by  e le c t r o n  
im p a c t.
C o n sid e r a s i l i c a  s u b s t r a te  bombarded w ith  e l e c t r o n s  a t  some 
energy  w here 6 th e  seco n d ary  e le c t r o n  c o e f f i c i e n t  i s  g r e a t e r  th a n  u n i t y .
The fo llo w in g  e v en ts  can occur:
( i )  Each e le c t r o n  w i l l  p roduce on average  6 p o s i t i v e  s i t e s ,  
th e  e l e c t r o n s  from th e s e  s i t e s  w i l l  le a v e  t h e i r  e q u i l ib r iu m  
p o s i t io n s  and w i l l  be e je c te d  from  th e  s u r f a c e .  L e t i t  be  
assumed t h a t  an e le c tro d e  b ia s s e d  p o s i t i v e  i s  n e a r  th e  s u b s t r a t e  
s u r fa c e  th e n  th e  e je c te d  e l e c t r o n s  w i l l  be c a p tu re d  by t h i s  p l a t e  
i f  a  p o te n t ia l - - d i f f e r e n c e  e x i s t s  betw een i t  and th e  s u b s t r a t e ,
( i i )  The n e t  in s ta n ta n e o u s  p o s i t i v e  ch arg e  d e n s i ty  on th e  s u b s t r a t e  
w i l l  be governed  by th e  le a k a g e  r e s i s t a n c e  o f  th e  s u b s t r a t e  to  
’ g round . E le c tro n s  w i l l  be  i n j e c t e d  from e a r th  i n to  th e  d i e l e c t r i c  
t o  n e u t r a l i s e  th e  n e t  ch a rg e  d e n s i ty  l e f t  by e j e c te d  e l e c t r o n s .
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I f  th e  le a k a g e  r e s i s t a n c e  i s  i n f i n i t e  ( p e r f e c t  in s u l a to r )  th e n  
ch a rg e  w i l l  n o t  le a k  away and a  n e t  s u r fa c e  c h a rg e  w i l l  "build
*
up u n t i l  th e  s u b s t r a te  s u r fa c e  p o t e n t i a l  e q u a ls  th e  b ia s  on th e
, 4ttQ n ~i
e le c tro d e *  (G-auss Law E = — ) esu  cm
In  th e  p ro c e s s e s  above o n ly  n e t  s u r fa c e  ch arg e  h a s  been  c o n s id e re d . 
T h is  v a lu e  can be ze ro  and y e t  a d e n s i ty  o f  p o s i t i v e  ch arg ed  s i t e s  t h a t  can 
have a h ig h e r  i n t e r a c t i o n  w ith  th e  d e p o s ite d  m e ta l atoms can  e x i s t  i f  
th e  co n cep t o f  e le c t r o n  t r a p s  i s  in t ro d u c e d . The r e s i s t i v i t y  o f  a  d ielectric 
a t  e le v a te d  te m p e ra tu re ,  Aina r^ - s i- s t iv i ty  w i l l  be g r e a t ly  red u ce d  due to  
th e  a c t iv a t e d  in t r o d u c t io n  o f  c a r r i e r s  in to  th e  co n d u c tio n  p seu d o -b an d s .
I f  bombarded w ith  e l e c t r o n s  a t  one s u r fa c e  such t h a t  $ e l e c t r o n s  le a v e  th e  
s u r fa c e  and a r e  l o s t  th e n  as a l re a d y  p o in te d  ou t e l e c t r o n s  w i l l  be i n j e c t e d  
from  e a r th  in  an a tte m p t to  n e u t r a l i s e  th e  n e t  p o s i t i v e  c h a rg e . L e t 
i t  be assumed t h a t  b e s id e s  th e s e  p o s i t i v e  charged  c e n t r e s  th e r e  a r e  a l s o  
o th e r  c e n t r e s  (su ch  a s  d e f e c t s  and o th e r  im p u r i t ie s )  t h a t  a c t  a s  e l e c t r o n  
t r a p s  th e n  m obile  e l e c t r o n s  can be c a p tu re d  in t o  th e s e  and form  v i r t u a l l y  
n e g a t iv e  c e n t r e s .  The n e t  ch arg e  d e n s i ty  w i l l  be z e ro  y e t  th e r e  w i l l  s t i l l  
e x i s t  some d e n s i ty  o f  p o s i t i v e  charged  s i t e s .  The e x is te n c e  o f  such  t r a p s  
in  d i e l e c t r i c  i s  w e ll  e s t a b l i s h e d ,  Simmons _ 1 09& 7) would b e
n e c e s s a ry  i f  p o s i t i v e  ch a rg e  in d u ced  n u c le a t io n  i s  to  be  r e a l i s e d  a t  h ig h  
s u b s t r a te  te m p e ra tu re s  w ith  th e  a t te n d a n t  h ig h  c o n d u c t iv i ty .  The t r a p  
l i f e t i m e s  w i l l  depend o f  co u rse  on energy  l e v e l s  and i f  d e p o s i t io n  o ccu rs  
a f t e r  bombardment h as  cea se d  th e n  on ly  f a i r l y  deep t r a p s  w i l l  s t i l l  be 
f i l l e d .  When t r a p s  empty th e  e l e c t r o n s  w i l l  be m ob ile  and o f  c o u rse  have 
a  p r o b a b i l i t y  o f  m eeting  e i t h e r  o th e r  t r a p s  o r  c r e a te d  p o s i t i v e  ch a rg e  
c e n t r e s .  I f  an e le c t r o n  i n t e r a c t s  w ith  th e  l a t t e r ,  th e  s i t e  w i l l  b e  l o s t  
t o  th e  enhanced n u c le a t io n  p ro c e s s .
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The p ro c e s s e s  d e s c r ib e d  above w ere assumed to  h o ld  when th e
e x p e rim e n ta l p ro c e d u re s  w ere fo rm u la te d ,
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The aim s o f  th e  ex p erim en ts  were sim ply
( i )  To d e te rm in e  w hether p r e - d e p o s i t io n  bombardment by e le c t r o n s  
co u ld  be  made to  in d u ce  p r e f e r e n t i a l  d e p o s i t io n  on s i l i c a  and 
f r e s h  s i l i c o n  o x id e ,
( i i )  To e s t a b l i s h  th e  minimum dose f o r  th e  e f f e c t  a t  one e le c t r o n  
e n e rg y .
I t  was d ec id ed  alw ays to  bombard th e  s u r fa c e  a t  around  th e  
te m p e ra tu re  r e q u ir e d  f o r  d e p o s i t io n .  T h is  en su red  a f a i r l y  c o n s ta n t  s u r f a c e  
s t a t e  betw een bombardment and d e p o s i t io n  w hich would n o t  have been  p o s s ib le  
i f  i r r a d i a t i o n  took  p la c e  a t  am bient te m p e ra tu re  where p h y s iso rb e d  gas  
l a y e r s  would have co vered  th e  s u r f a c e .  F u rth e rm o re  th e  i n t e r v a l  betw een 
c e a s in g  bombardment and commencing d e p o s i t io n  co u ld  be  red u ced  to  a  few te n s  
o f  seconds so th e r e  was l e s s  tim e f o r  p o s i t i v e  s i t e  n e u t r a l i z a t i o n  due to  
t r a p  r e l a x a t i o n .
7*3 E x p e rim en ta l
7 .3 .1  A ppara tu s
The m o d if ic a t io n s  made to  th e  io n  so u rce  f o r  e l e c t r o n  bombardment 
have a l re a d y  been  d is c u s s e d  in  C h ap te r V , P 9 3  and th e  o n ly  changes n e c e s s a ry  
o th e r  th an  t h i s  w ere to  th e  s u b s t r a te  h e a t in g  a rran g em en t. The r a d i a n t  
tu n g s te n  h e a te r s  w ere r e p la c e d  by a co n d u c tio n  h e a t in g  system  a s  e l e c t r o n s  
e m itte d  from th e  in c a n d e sc e n t tu n g s te n  w ire s  c o u ld  have p roduced  a h ig h  
enough e le c t r o n  d e n s i ty  to  s u b s t a n t i a l l y  in c r e a s e  th e  p r o b a b i l i t y  o f  
n e u t r a l i s i n g  th e  p o s i t i v e  s u r fa c e  charged  s i t e s .  The system  i s  shown in  
d e t a i l  i n  f ig u r e  7*1 and i s  s e l f - e x p la n a to r y .
E le c tro n  dose m o n ito rin g  was c a r r i e d  o u t by in s u la t in g  a s h u t t e r  
betw een th e  e le c t r o n  sou rce  and s u b s t r a te  from  e a r th ,  t h i s  s h u t t e r  was
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co n n ec ted  v ia  th e  0 .3 0 0  V dc sup p ly  to  th e  c u r r e n t  i n t e g r a t o r .  The s h u t t e r  
was d es ig n ed  so e l e c t r o n s  were c o l le c t e d  on a 1 cm x 1 cm p l a t e  t h a t  had  
a t  i t s ' c e n t r e  a 1 mm h o le  to  a llo w  a sample o f  th e  e l e c t r o n s  to  f a l l  on to  
th e  s u b s t r a t e .  The s h u t t e r  c o u ld  b e  p o s i t i v e l y  b ia s s e d  so t h a t  seco n d ary  
e le c t r o n s  e m itte d  by th e  s u b s t r a te  were c o l l e c t e d .  The s h u t t e r  co v ered  th e  
s u b s t r a t e  d u rin g  bombardment b u t  swung open and exposed th e  s u r fa c e  f o r  
d e p o s i t io n .
The s u b s t r a te  te m p e ra tu re  was m o n ito red  by means o f  a  s in g le  
c o p p e r-c o n s ta n ta n  co u p le  f ix e d  to  th e  s l i d e  w ith  co n d u c tin g  s i l v e r  p a i n t .  
7 .3 * 2  Method
S i l i c a  s u b s t r a te s
The s u b s t r a t e s  in  th e  form o f  3" x  1" x  .04" m icroscope s l i d e s  
were c le a n e d  in  T eep o l + h o t w a te r ,  th e n  washed in  d i s t i l l e d  w a te r  and w ere 
f i n a l l y  d eg reased  i n  u l t r a s o n i c a l l y  a g g i ta te d  is o p ro p y l  a lc o h o l .  B e fo re  
in c o rp o ra t io n  i n  th e  e v a p o ra to r  th e  s l i d e s  were d r ie d  in  an a i r  oven a t  
100°C.
A f te r  pumping down to  10 t o r r  th e  s l i d e s  were h e a te d  to  betw een
450° and 490°C f o r  betw een 3 and 15 m in u te s . They th e n  r e c e iv e d  a f lu x
o f  e le c tro n s  a t  a  p re -d e te rm in e d  energy  and th e  s h u t t e r  was swung away and
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s i l v e r  was d e p o s ite d  a t  .2 x  10 atom s cm sec f o r  a v a r i e t y  o f  d u r a t io n s .
E v ap o ra ted  SiO
F o r th e s e  th e  s i l i c a  s l i d e s  were r e p la c e d  by  C om ing  7059 g la s s  
s l i d e s  which were p r e - t r e a te d  in  th e  same manner* th e  p ro c e d u re  was e x a c t ly  
a s  above b u t  a  200 S. th i c k  SiO f i lm  was d e p o s ite d  p r i o r  to  h e a t in g .
7 .3*3  E x p e rim e n ta l R e s u l ts
C hoice o f  E le c t ro n  Energy
A l l  secondary  e l e c t r o n  v e rs u s  p rim ary  en erg y  cu rv es  fo llo w  th e  
same p a t t e r n .  As th e  energy  i s  in c re a s e d  & in c r e a s e s ,  r i s e s  to  a  peak  and 
th e n  f a l l s  to  n e a r ly  ze ro  a t  h ig h  e n e rg ie s .  So 6 w i l l  be u n i ty  -  a t  two
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energy  v a lu e s  i f  5 ^  > 1. p 0r  s i l i c a  &mav i s  a t  ~  440 eV and  h a s  th e
v a lu e  2 .9  Salow (1940) and 6 = 1 a t  < 50 eV and 38OO eV. The energy  
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chosen  in  th e s e  experim en ts  was betv^een 275 and 500 eV. The c o l l e c t i o n  
p o t e n t i a l  on th e  s h u t te r  was s e t  a t  100 V so th e  e le c t r o n s  w ere d e c e le r a te d  
in  p a s s in g  th ro u g h  th e  a p e r tu r e  b u t a c c e le r a te d  a g a in  and s tru c k  th e  
s u b s t r a te  w ith  n e a r ly  t h e i r  i n i t i a l  en erg y .
7 .3 .3 .1  R e s u l t s  w ith  s i l i c a
I n i t i a l  t e s t s  showed t h a t  u n d er th e  c o n d i t io n s  d e s c r ib e d  above 
c l e a r  p r e f e r e n t i a l  d e p o s i t s  co u ld  be  o b ta in e d  on s i l i c a  a t  e l e c t r o n  d o ses  
betw een 5 -  100 M-C cm'*1' .  T hese t e s t s  and o th e r  r e s u l t s  a r e  s e t  o u t in  Table 7*1* 
I t  was n o t ic e d  th a t  in  m ost c a s e s  a  s l i g h t  s i l v e r  d e p o s i t  was 
v i s i b l e  o u ts id e  th e  bombarded r e g io n  b u t  i n  a l l  c a se s  th e  o v e r a l l  d e p o s i t  was 
l e s s  th a n  w here e le c t r o n s  f e l l .  The fo llo w in g  code r e l a t e s  t o  th e  rem arks 
column i n  th e  t a b l e .
NPh No P r e f e r e n t i a l  d e p o s i t io n
CPD C le a r  P r e f e r e n t i a l  d e p o s i t io n
FPD P a in t  P r e f e r e n t i a l  d e p o s i t io n
NDE No d e p o s i t  e lsew h ere
CDS C le a r  d e p o s i t  e lsew h ere
FDE P a in t  d e p o s i t  e lsew h ere
The number i n  p a r e n th e s is  w ith  th e  bombardment te m p e ra tu re  r e l a t e s  
t o  th e  d u ra t io n  in  m inu tes  t h a t  th e  s u b s t r a te  was h e ld  a t  t h a t  te m p e ra tu re  
p r i o r  to  bombardment.
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These r e s u l t s  show th a t  a v a r i e t y  o f  e f f e c t s  a r e  n o t ic e d  and
#
t h a t  . th e se  e f f e c t s  a r e  n o t  alw ays c o n s i s t e n t  w ith  c o n d i t io n s .  I t  may he
deduced t h a t  much enhanced d e p o s i t io n  can he o b ta in e d  w ith  e l e c t r o n  d o ses
o f  a s  low  a s  1 -  5 cm’7' and t h a t  th e  p r e f e r e n t i a l  d e p o s i t  o c c u rs  a t
te m p e ra tu re s  a s  h ig h  a s  480°C, An exam ple i s  shown i n  P l a t e  7• *1 <Y) However
th e  p re se n c e  in  most c a s e s  o f  a s l i g h t  b u t  o b se rv a b le  d e p o s i t  a l l  o v e r
th e  s u b s t r a t e  even when th e  s u b s t r a te  was some 30°>  T .*  „ was r a t h e r1 = 1 -> 2
d is tu r b in g .  The d eg ree  o f  t h i s  d e p o s i t  c o u ld  n o t e a s i l y  b e  co n n ec ted  
w ith  any o f  th e  e x p e rim e n ta l p a ra m e te rs  b u t  when th e  r e s u l t s  f o r  f r e s h ly  
e v ap o ra ted  s i l i c o n  o x ide  have been  p r e s e n te d ,  a p o s s ib le  su g g e s tio n  o f  th e  cau se  
w i l l  be g iv e n . T hese r e s u l t s  w i l l  be d e a l t  w ith  n e x t th e n  d is c u s s e d  i n  connec­
t i o n  Ydth th e  s i l i c a  r e s u l t s ,
7 .3 * 3 .2  R e s u l ts  w ith  f r e s h ly  ev ap o ra ted  s i l i c o n  ox ide
U nder no c o n d i t io n s  a p p l ie d  d u rin g  t h i s  in v e s t ig a t io n  was 
p r e f e r e n t i a l  d e p o s i t io n  in d u ced  on f r e s h ly  d e p o s ite d  s i l i c o n  o x id e . The 
r e s u l t s  i n  f a c t  ?/ere d ia m e t r i c a l ly  opposed to  th o s e  o b ta in e d  w ith  th e  
s i l i c a  s u b s t r a te s  and in  a l l  c a s e s  a  d e p o s i t  was observed  o v er th e  non­
bombarded s u b s t r a te  a re a  w ith  e i t h e r  a v/eaker d e p o s i t  where bombardment 
o c c u rre d  o r  no v i s i b l e  v a r i a t i o n .  Some s e le c te d  r e s u l t s  a r e  g iv e n  in  
T ab le  7 .2 .  BRD -  Bombarded re g io n  denuded, BEND -  Bombarded r e g io n  n o t 
denuded.
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Many o th e r  t r i a l s  v/ere c a r r i e d  ou t h u t  i n  a l l  c a se s  th e  r e s u l t s  
w ere s im i la r  to  th o s e  seen  in  th e  t a b l e .  An exam ple o f  th e  denuded re g io n  
e f f e c t  I s  seen  in  P la t e  was n o t ic e d  t h a t  when th e  s h u t t e r  was
non b ia s e d  a  sm a ll p o s i t i v e  c u r r e n t  (0 .1 2 5  n  A cm* ) was d e te c te d  when th e  
s i l i c o n  ox ide  was d e p o s i te d ,  i n d i c a t in g  t h a t  th e  vapour c a r r i e d  a  p o s i t i v e  
c h a rg e .
H i l l  (1970 P r iv a te  Communication) s t a t e d  t h a t  s i l i c o n  o x id e  does 
in d e ed  c a r ry  p o s i t i v e  ch a rg e s  when d e p o s ite d  from  a b o a t a t  low (1200 -  1500°C) 
te m p e ra tu re s .  A t h ig h  te m p e ra tu re s  e le c t r o n s  a r e  e m itte d  from  th e  b o a t  and 
n e u t r a l i s e  th e  p o s i t i v e  c h a rg e s .  H i l l  a l s o  p o in te d  o u t t h a t  C o m in g  7059 
c le a n e d  in  is o p ro p y l  a lc o h o l can c a r ry  a  p o s i t i v e  charge  though  p u re  fu se d  
s i l i c a  does n o t  seem to  s u f f e r  th e  same e f f e c t .  These o b s e rv a t io n s  and 
in fo rm a tio n  le a d  to  a p o s s ib le  e x p la n a tio n  o f  th e  phenomena o b se rv e d .
7«4 D isc u ss io n
7»4*1 Summary o f  o b se rv a tio n s
( i )  The r e s u l t s  w ith  p u re  s i l i c a  alw ays showed an enhancem ent 
o f  c o n d e n sa tio n  where bombardment had  o ccu rred  and  a  s l i g h t  b u t  
v a r i a b le  d e p o s i t  o u ts id e  th e  bombarded r e g io n .
( i i )  The f r e s h  SiO r e s u l t s  n e v e r showed enhanced d e p o s i t io n  due 
to  bom bardm ent, th e r e  w a s  alw ays a marked d e p o s i t  o v e r a l l  and 
u s u a l ly  a denuded a re a  where i r r a d i a t i o n  o c c u rre d .
( i i i )  A ll  e a r ly  co n d en sa tio n  and n u c le a t io n  r e s u l t s  and th e  io n  
- bombardment s td d ie s  showed no v i s i b l e  d e p o s i t io n  a t  te m p e ra tu re s
ex p e rie n c e d  i n  th e  p r e s e n t  s tu d ie s .  In  th e s e  c a s e s  th e r e  was
alw ays a f a i r l y  dense  space ch a rg e  o f  e le c t r o n s  p r e s e n t  due to  
th e  s u b s t r a t e  h e a t e r s .
7*4*2 Q u a l i ta t iv e  e x p la n a tio n
The o b se rv a tio n s  s e t  o u t above su g g e s t a  p o s i t i v e  ch a rg e  m echanism . ; 
I t  i s  su g g es ted  t h a t  p u re  fu se d  s i l i c a  and e v a p o ra te d  s i l i c o n  o x id e  b o th  have 
i n t r i n s i c  p o s i t i v e  ch a rg e  c e n t r e s  on t h e i r  s u r f a c e s .  The re a s o n s  f o r  t h e i r
" . ( 4 $  . ■ I
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e x is te n c e  p ro b a b ly  d i f f e r  and s i l i c a  seems to  have a  much s m a lle r  d e n s i ty  
o f  th e s e  im p e r f e c t io n s .  I t  i s  p ro b a b le  t h a t  b e fo re  h e a t in g  t h e r e  was a n e t  
p o s i t i v e  c h a rg e  d e n s i ty  b u t  i t  i s  suggested, t h a t  during h e a t in g  t h i s  n e t  ch a rg e  
i s  n e u t r a l i s e d  by e i t h e r  d i r e c t  e le c tro n  c a p tu re  o r  th e  fo rm a tio n  o f  some 
n e g a t iv e  c e n tre s  a t  t r a p s .  I t  i s  f u r t h e r  su g g es ted  t h a t  i n  th e  e a r l i e r  
experim en ts  th e r e  w ere p o s i t i v e  c h a rg e s  on th e  d e p o s ite d  SiO s u r fa c e s  b u t  
b ecau se  o f  th e  in te n s e  e le c t r o n  space  ch a rg e  th e s e  were n e u t r a l i s e d  b e fo re  
d e p o s i t io n  o c c u rre d .
The p r e s e n t  s i l i c a  r e s u l t s  can be e x p la in e d  i f  i t  i s  assum ed th a t  
p r i o r  to  bombardment th e  s u r fa c e  was e f f e c t i v e l y  n e u t r a l  b u t  c o n ta in e d  a 
low d e n s i ty  o f  b o th  p o s i t i v e  and n e g a t iv e  s i t e s .  The bombardment w ould have 
c re a te d  more p o s i t i v e  s i t e s  l o c a l l y  and n o t a l l  o f  th e s e  need  have been  
n e u t r a l i s e d , i f  th e r e  was a  d e n s i ty  o f  u n f i l l e d  e le c t r o n  t r a p s  a t  th e  
s u r fa c e  a b le  to  mop up a f r a c t i o n  o f  th e  c o n d u c tio n  band e le c t r o n s  
in je c te d - f ro m  th e  back p l a t e .  A q u a l i t a t i v e  d e s c r ip t io n  o f  t h i s  p ro c e s s  
i s  shown in  F ig u re  7«2 .
The s i l i c o n  o x ide  r e s u l t s  a r e  n o t  so easy  to  e x p la in .  I t  would 
seem t h a t  th e  i n t r i n s i c  d e n s i ty  o f  p o s i t i v e  s i t e s  i s  h ig h e r  th a n  i n  SiO^ 
so i t  m ust be concluded  th a t  th e  d e n s i ty  o f  n e g a t iv e  s i t e s  i s  a l s o  h ig h e r .
Nov/ i f  i t  i s  assumed n a iv e ly  t h a t  b e fo r e  bombardment th e  d e n s i ty  o f  b o th  
p o s i t i v e  and n e g a t iv e  s i t e s  a r e  s a tu r a t e d  th e n  v/hen & new p o s i t i v e  s i t e s  a re  
c r e a te d  due to  an in c id e n t  e l e c t r o n ,  th e  p r o b a b i l i t y  o f  n e u t r a l i s a t i o n  by 
co n d u c tio n  e le c t r o n s  w i l l  be h ig h e r  and fo llo w in g  t h i s  to  i t s  l o g i c a l  
c o n c lu s io n , th e  e le c t r o n  bombardment shou ld  b e  i n e f f e c t i v e .  The r e s u l t s  show, 
how ever, t h a t  t h i s  i s  n o t  th e  c a s e ,  th e  e le c t r o n  bombardment denudes th e  
d e n s i ty  o f  n u c le a t io n  s i t e s .  I t  can on ly  be assum ed th a t  in  th e  SiOx f ilm  
th e  im p e rfe c t io n s  r e s p o n s ib le  f o r  form ing  p o s i t i v e  t r a p s  a re  d i f f e r e n t  
from  th o se  i n  th e  SiO.^ and some s id e  e f f e c t  o f  e l e c t r o n  bombardment re d u c e s  
t h e i r  d e n s i ty .  A t t h i s  s ta g e  th e  b e h a v io u r  i s  f a r  from c l e a r l y  u n d e rs to o d .
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Containing both positive S i t e s  a n d  neu tra l  
traps Electrons may interact Nfth either
B ra c k le y  ( 1970 P r iv a t e  Communication) h as  c o n tin u e d  th e  in v e s t ig a ­
t i o n s  o f  H i l l  ( 1966) u s in g  th e  same A u/C orning 7059 system  w ith  e le c t r o n  
bombardment and he  in fo rm s th e  w r i t e r  t h a t  he f in d s  ev id en ce  o f  in c re a s e d  
c l u s t e r  d e n s i ty  w ith  n e t  m easured p o s i t i v e  charge* He f in d s  t h a t  th e  
in c r e a s e  in  c l u s t e r  d e n s i ty  i s  g r e a t e r  th a n  th e  m easured e l e c t r o n  
ch a rg e  d e n s i ty  by a f a c t o r  o f  two o r  more* B rack ley  h as  been  w orking 
in  th e  re g io n  w here th e  p e r f e c t  d i e l e c t r i c  model can be  assumed so h i s  
n e t  ch arg e  w i l l  be g iv en  by
. . . ( 7. 1)
where V i s  th e  maximum v o lta g e  e x p e r im e n ta lly  p o s s ib le  on th e  d i e l e c t r i c  
s u r f a c e  and d i s  th e  th ic k n e s s  o f  th e  d i e l e c t r i c .  Assume t h a t  he  i s
4
m easuring  Q th e n  i f  th e  t r a p  model i s  v a l id  th e  in c r e a s e  i n  n u c le a t io n
above t h a t  due to  Q+ co u ld  b e  due to  o th e r  p o s i t i v e  ch a rg e s  b a la n c e d  by 
some n e g a t iv e  s i te s *
0
In  th e  p re s e n t  ex p erim en ts  7*1 can n o t h o ld  b eca u se  a t  500 C th e
n
r e s i s t a n c e  p e r  cm o f  1 mm SiO^ i s  o n ly  o f  th e  o rd e r  10 Q so on th e  
c e s s a t io n  o f  bombardment th e r e  can b e  no n e t  p o t e n t i a l  a c ro s s  th e  s l i d e  and 
any p o s i t i v e  s u r fa c e  s i t e s  m ust b e  b a la n c e d  by n e g a t iv e  s i t e s .
7*4*3 Enhanced s u r fa c e  d i f f u s io n  e n e rg y  a t  p o s i t i v e  s i t e s
I f  i t  i s  a c c e p te d  t h a t  th e  enhanced n u c le a t io n  i s  due to  a  d e n s i ty  
o f  , deep* s i t e s  th e n  i t  i s  p o s s ib le  to  e s t im a te  t h e i r  energ y  o f  i n t e r a c t i o n .  
The p ro p o sed  model f o r  a deep s i t e  i s  shown in  f ig u r e  7 * 3 , Ea > e t c ,  have 
t h e i r  norm al m eaning and 0 i s  th e  energy  o f  th e  deep s i t e .
Now an adso rbed  atom m ig ra tin g  in to  such  a s i t e  w i l l  rem ain  th e r e  
f o r  seconds where
. . .  ( 7. 2)
kT
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I f  t h a t  tra p p e d  atom i s  to  ta k e  p a r t  i n  form ing a s ta b le  n u c le u s  
th e n  d u r in g  t 5 th e r e  m ust be a p o s s i b i l i t y  t h a t  i*  atom s can  combine w ith  
i t ,  Lew is and Cam pbell (19&7) g iv e  th e  c a p tu re  r a t e  o f  a s ta b l e  s i t e  as
M =
I'k . . .  (7 .3 )
w hich should be q u i te  r e l i a b l e  f o r  sm all c l u s t e r  s i z e s .
Then f o r  th e  fo rm a tio n  o f  a s ta b le  n u c l e i
« t  i. i* < r e«rpi .
* H * kT
. . .  (7 .4 )
w hich le a d s  to
<j> » kT Xn. . . .  (7 .5 )
So f o r  c o n s ta n t  T and i* , <j> can  be c a lc u la te d  f o r  v a r io u s  q v a lu e s .
I n  f ig u r e  7*4 0 v e rs u s  q i s  p l o t t e d  f o r  i*  = 2 , E
-II
E = 0 .1  eV, (S ee C h ap te r 3) T = 7^3 and t = 5 x  10 s e c s  ( a l l
v a lu e s  e x p e r im e n ta lly  observed) . The v a lu e s  o f  <f> a re  on ly  w eakly  dependan t 
on q and f o r  th e  a r r i v a l  r a t e  u sed  in  t h i s  s e r i e s  o f  ex p erim en ts
I t  can be shorn  t h a t  i f  an atom o f  p o l a r i z a b i l i t y  . i s  p la c e d  
i n  an e l e c t r i c  f i e l d  F ,  i t  w i l l  s u f f e r  a change i n  p o t e n t i a l  en e rg y .
U — oi F 
z
. . .  ( 7 .6 )
Now i f  i t  i s  assumed th a t  th e  p o s i t i v e  charged  s i t e s  a r e  p o in t
ch a rg e s  o f v a lu e  e th e n  F = -L  ~ - so e q u a tio n  7*6> becom es
d r
»  - 1 (r<)
IS 5
. . .  7 7
.2* 3
From C h ap te r IV page 7 3 , <* ~  9«4 . 1 0  cm and i f
/  A<3
2 .7 4  I
U (r ) = 1 .1 5  eV
w hich i s  in  re a so n a b le  agreem ent w ith  th e  r e s u l t  o b ta in e d  above.
I t  can be seen  th a t  i f  t h i s  th e o ry  i s  c o r r e c t  th e  s u r fa c e  d i f f u s io n  
energy  must be in c re a s e d  l o c a l l y ,  by o v e r an o rd e r  o f  m agnitude to  acco u n t 
f o r  th e  p r e s e n t  r e s u l t s *
7«5 C onc lu sio n s
I t  h a s  been  e s ta b l i s h e d  t h a t  e le c t r o n  bombardment p r i o r  to  s i l v e r
d e p o s i t io n  can prom ote p r e f e r e n t i a l  d e p o s i t io n  on p u re  fu se d  s i l i c a *  The m in-
.  j2L 13
imum dose f o r  th e  e f f e c t  has been  e s ta b l i s h e d  a s  betw een 6 x  10 and 3 x  10
-a .
e le c t r o n s  cm • I f  a s  in  th e  p re v io u s  exp erim en ts  th e  n u c le a t io n  d e n s i ty
U -2.
n e c e s s a ry  f o r  th e  o b s e rv a tio n  o f  th e  e f f e c t  i s  assum ed to  be ab o u t 10 cm 
th e n  o n ly  a few p e r  c e n t o f th e  c r e a te d  charged  s i t e s  need  n o t be  n e u t r a l i s e d *  
The e f f e c t s  found w ith  e v a p o ra te d  SiO f i lm s  s t r e s s  th e  n eed  f o r  
more s tu d y  o f  th e  phenomena i f  th e  b eh a v io u r i s  to  be f u l l y  u n d e rs to o d  and 
some su g g e s tio n s  w i l l  be g iv e n  below  f o r  f u r th e r  w ork.
B o th  th e s e  r e s u l t s  and th e  r e s u l t s  o f  H i l l  (1966) and B ra c k le y  (1970 
P r iv a te  Communication) sh o w 'th a t ex trem e c a u t io n  i s  needed when d e a l in g  w ith  
in  s i t u  e l e c t r o n  m icroscope s tu d ie s  o f  n u c le a t io n  on d i e l e c t r i c s *  The 
p o p u la r i ty  o f  such experim en ts  i s  u n d e rs ta n d a b le  b eca u se  c o n tin u o u s  grow th 
d a ta  i s  e a s i l y  o b ta in a b le  b u t  i t  i s  now c l e a r  t h a t  ch arg ed  c e n t r e s  can n o t 
be n e g le c te d  and a lth o u g h  a t  h ig h  e n e rg ie s  5 «  1 ■, th e  c u r r e n t  d e n s i ty  i s  
n o rm a lly  h ig h  so in s ta n ta n e o u s  c r e a t io n  o f  p r e f e r e n t i a l  n u c le a t io n  s i t e s  
i s  alw ays a p o s s i b i l i t y .
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Chapman (1970) h a s  a n a ly se d  some o f  Poppa*s (1967) r e s u l t s  
o f  in  s i t u  s tu d ie s  o f  Ag on G. He (Chapman) f in d s  t h a t  when Poppa* s 
r e s u l t s  a re  compared w ith  th e  Chapm an-Jordan ("1969) th e o ry ,  u n r e a l i s t i c  
v a lu e s  f o r  Eq a r e  o b ta in e d  eg 3*0 eVc I t  i s  p o s s ib le  t h a t  ch a rg e  e f f e c t s  
may have c lo u d ed  th e  r e s u l t s .
S u g g e s tio n s  f o r  F u r th e r  Work
I t  w ould be v a lu a b le  i f  d i r e c t  com parisons co u ld  be  made betw een 
in  s i t u  n u c le a t io n  s tu d ie s  and  s tu d ie s  o f  th e  k in d  d e s c r ib e d  in  
C h ap te r I I I .
F u r th e r  m acroscop ic  work sh o u ld  be  c a r r i e d  ou t w ith  ( e ,  Ag, SiO^) 
system s when th e  s u b s t r a te  i s  s u b je c te d  to  a space ch arg e  o f  e le c t r o n s  
p r io r  to  th e  bombardment and d e p o s i t io n .  The work should  a l s o  be 
ex tended  to  i n t i t i a l  n u c le a t io n  s tu d ie s .  More v a r i a t io n  in  s u b s t r a te  
te m p e ra tu re  i s  r e q u ir e d ,  i e  bombardment co u ld  o ccu r a t  low er te m p e ra tu re s  
th a n  d e p o s i t io n .
O ther d i e l e c t r i c  s u b s t r a te s  such a s  a lu m in a , q u a r tz  and m ica 
sh o u ld  be s tu d ie d  w ith  s i l v e r  and o th e r  e v ap o ra n ts  w ith  low er T^* = 2
v a lu e s  such a s  Zn, Cd and Mg.
More th e o ry  i s  r e q u ir e d  re g a rd in g  s u r fa c e  s t a t e s ,  t r a p s  and th e  
e f f e c t s  o f  ad so rb ed  g a s e s .
The p re s e n t  r e s u l t s  h e lp  to  s t r e s s  t h a t  any work i n  t h i s  f i e l d  
sho u ld  b e  approached  w ith  an open mind!
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CHAPTER V I I I  
O v e ra ll  C o n c lu sio n s 
The work d e s c r ib e d  in  t h i s  d i s s e r t a t i o n  h as  le a d  to  c o n c lu s io n s  
o f  a  v a r ie d  n a tu re  b o th  fundam en ta l and te c h n o lo g ic a l .  Each s e c t io n  has  
produced  i t s  summary o f f in d in g s  and in  t h i s  f i n a l  c h a p te r  some o f  th e s e  
w i l l  he  r e i t e r a t e d  and a m p lif ie d  in  an a tte m p t to  draw an o v e r a l l  p a t t e r n .
8*1 S c i e n t i f i c  C on ten t
8*1*1 N u c le a tio n  th e o ry
The com parison made o f  th e  th e o r ie s  hy  E re n k e l (1 9 2 4 ) , Lev/is & 
Cam pbell (19^7) , Z in s m e is te r  ( 1968) and Chapman & Jo rd a n  (19&9) have been  
v e ry  u s e f u l  and have shown t h a t  th e  Chapm an-Jordan and Z in s m e is te r  th e o r ie s  
p r e d ic t  i d e n t i c a l  r e s u l t s  f o r  com parable c o n d i t io n s  i e  i*  + 1 vz 2 
fu rth e rm o re  Chapman & Jordan* s th e o ry  can be shown to  g iv e  a  t r a n s i t i o n  
e q u a tio n  f o r  i*  = 1 *> 2 t h a t  i s  i d e n t i c a l  to  F ren k e l*  s e x p re s s io n .
Such r e s u l t s  a r e  b o th  i n t e r e s t i n g  and en co u rag in g  b eca u se  i f  two o r 
th r e e  th e o r ie s  can be  shown to  a g re e  when th e r e  a re  c o n s t r u c t io n a l  d i f f e r e n c e s ,  
th e s e  th e o r ie s  become more a c c e p ta b le .  The e x p e rim e n ta l n u c le a t io n  r e s u l t s  
have shown t h a t  th e  Chapm an-Jordan th e o ry  can p r e d i c t  n u c le a t io n  b e h a v io u r  
w e ll a t  l e a s t  f o r  th e  l im i te d  Ag, SiO system .
8 ,1 ,2  N u c le a tio n  and, co n d e n sa tio n  experim en ts
B es id e s  a llo w in g  com parison o f  r e s u l t s  to  be  made w ith  th e o ry  th e s e  
ex p erim en ts  have y ie ld e d  v a lu a b le  b e h a v io u r  d a ta  such a s  v e rs u s  T ^  f o r
c r i t i c a l  c o n d e n sa tio n , and n u c le a t io n  d e n s i ty  v e rsu s  te m p e ra tu re  and t im e . 
F u r th e r  u s e f u l  d a ta  h as  been  o b ta in e d  w ith  th e  e s t im a te d  v a lu e s  f o r  E . andC\
E . , V a O . The E v a lu e  h as  been shown to  ag ree  w e ll  w ith  a t h e o r e t i c a l  ft c> 1 ci 0
v a lu e  d e r iv e d  in  C h ap te r IV and t h i s  h as  g iv e n  some c o n fid e n c e  in  th e  th e o ry  
f o r  c a l c u la t in g  th e  E^ v a lu e s  f o r  o th e r  e lem en ts .
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S u g g es tio n  f o r  f u r th e r  work
N u c le a tio n  ex p erim en ts  o f  th e  k in d  d e s c r ib e d  sh o u ld  b e  a tte m p te d  
f o r  o th e r  c o n d en sa te s  to  en ab le  more g e n e ra l  t e s t s  o f  th e o ry  e s p e c ia l ly  
i n  th e  h ig h  te m p e ra tu re  low  a r r i v a l  r a t e  mode*
The com b in a tio n  o f  n u c le a t io n  and c r i t i c a l  c o n d e n sa tio n  ex p erim en ts  
shou ld  b e  ex ten d ed  and im proved so t h a t  th e  d o u b le t bond e n e rg ie s  o f  
e lem en ts  can be o b ta in e d  by m easuring  Ea  and f in d in g  E fc from th e  E re n k e l (1924-) 
c r i t i c a l  co n d e n sa tio n  e q u a tio n .
More d a ta  o f  E^ v a lu e s  would a llo w  v e r i f i c a t i o n  o f  th e  p r e d ic t io n s  
made i n  C h ap te r IV .
8 .1 .3  S u rfa c e  io n  im p la n ta t io n  e f f e c t s  on c o n d e n sa tio n
I t  h as  been shown t h a t  low energy  io n  im p la n te d  im p u r i t i e s  o f  th e  
r i g h t  k in d  can ind u ce  p r e f e r e n t i a l  d e p o s i t io n .  I t  i s  co n c lu d ed  t h a t  s u r f a c e  . 
damage does n o t  p la y  a m ajo r r o le  i n  th e  phenomena b u t  t h a t  th e  im p la n te d  
io n s  a c t  a s  norm al ad so rb ed  atoms a f t e r  lo s in g  t h e i r  k i n e t i c  e n e rg y . T h e ir  
b e h a v io u r h a s  been shown to  be c o n s i s te n t  w ith  p r e d ic t io n s  o f  th e  Z in s m e is te r  
th e o ry  when a p p l ie d  to  m o b i l i ty  i n  th r e e  d im en sio n s . These r e s u l t s  have 
te n d ed  to  s tre n g th e n  co n fid e n c e  i n  th e  th e o r ie s  w here c o n d i t io n s  a r e  such 
t h a t  d i f f u s io n  o r  c a p tu re  governs th e  s in g le  atom p o p u la t io n .
S u g g e s tio n s  f o r  - f u r th e r  work
T here  would be some v a lu e  i n  ex ten d in g  th e  s tu d y  t o  o th e r  d o p an ts  and 
c o n d en sa te s  b u t s c i e n t i f i c a l l y  more may be g a in e d  by overcom ing th e  d i f f i c u l t i e s  
o f  m ic ro sco p ic  ex am in a tio n . I f  t h i s  were done th e n  c l u s t e r  d e n s i ty  a g a in s t  
dose  s tu d ie s  o f  im p lan ted  s u r fa c e s  d e c o ra te d  w ith  s i l v e r  w ould a llo w  b e t t e r  
com parison w ith  th e o ry .
8 .1 .4  E le c t ro n  bombardment e f f e c t s  on co n d e n sa tio n
The r e s u l t s  h e re  a re  by f a r  th e  m ost in c o n c lu s iv e  o f  th e  p ro jec t* ,
I t  i s  s a fe  t o  say t h a t  some ch arg e  e f f e c t s  on p r e f e r e n t i a l  d e p o s i t io n  may 
have been  i s o l a t e d  b u t th e  an o m alie s  betw een SiO^ and SiO^ s u b s t r a t e s  a re- f a r
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from  f u l l y  u n derstood*  B ecause o f  t h i s  c o n c lu s io n  and su g g e s tio n s  f o r  
f u r t h e r  work have been  more f u l l y  d e a l t  w ith  th a n  u s u a l  i n  th e  f i n a l  
s e c t io n  o f  C h ap te r V II* However, th e  f a c t  t h a t  p r e f e r e n t i a l  d e p o s i t io n  has 
been  observed  h as  s a t i s f i e d  one o f  th e  o b je c t iv e s  o f  th e  p ro jec t®
8*2 T e c h n o lo g ic a l C o n ten t
8 ,2 .1  In te r c o n n e c t io n  fo rm a tio n
The r e s u l t s  o f  C h ap te r VI show t h a t  I oyj energy  heavy io n s  can  
s e n s i t i z e  a s u b s t r a t e  such  th a t  a p r e f e r e n t i a l l y  d e p o s ite d  co n d u c tin g  f i lm  
can be l a i d  down* The te c h n o lo g ic a l  v a lu e  now r e l i e s  upon th e  developm ent o f  
f in e  io n  beam o p tic s  e i t h e r  a t  low energy  o r  h ig h e r  e n e r g ie s ,  w ith o u t th e s e  
th e  d eg ree  o f  p r e c i s io n  n e c e s s a ry  f o r  t r a c in g  f in e  in te r c o n n e c t io n  p a t t e r n s ,  
w i l l  be la c k in g .
The ad v an tag es  o f  th e  p r e s e n t  method o v er t h a t  en v isag e d  by  
Probyn (19&8) have been dem onstra ted*  Only sm a ll s u r fa c e  d o ses  a r e  needed  
to  g iv e  th e  e f f e c t  and i t  i s  p ro b a b le  t h a t  p ro v id in g  t h i s  d e n s i ty  i s  
m a in ta in e d , h ig h e r  io n  e n e rg ie s  (10 -  120 keV) co u ld  be em ployed. T h is  p rob lem  
has been  ta k e n  up i n  A ppendix A2 where th e  t o t a l  d o ses  to  g iv e  th e  r e q u i r e d  
d e n s i ty  o f  im p u r i t i e s  i n  th e  f i r s t  15 ^  has been c a lc u la te d  f o r  a w ide ran g e
JL.
o f  Au e n e rg ie s .
The o b s e rv a tio n s  made d u rin g  th e  e l e c t r o n  bombardment s tu d ie s  have 
p e rh ap s  more te c h n o lo g ic a l  value*.. The s t a t e  o f  e le c t r o n  o p t ic s  i s  more 
advanced th a n  io n  o p t ic s  due to  advances in  e l e c t r o n  m ic ro sco p y . The p rob lem s 
o f  space ch a rg e  a re  n o t s o  a c u t e  and th e  e l e c t r o n  so u rce  p r e s e n ts  f a r  few er 
problem s th a n  a c o rre sp o n d in g  heavy io n  so u rc e .
From th e  p o in t  o f  view  o f  in te r c o n n e c t io n  te ch n o lo g y  i t  would seem 
t h a t  i f  a ch o ice  had to  be made betw een f u r th e r in g  th e  work on io n  
im p la n ta tio n  o r  e l e c t r o n  bom bardm ent, th e  l a t t e r  shou ld  be fa v o u re d .
S u g g e s tio n s  f o r  f u r th e r  work
The p r e d ic t io n s  made in  A2 sh o u ld  be checked .
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I f  r e a s o n a b le  agreem ent i s  found w ith  th e o ry  th e n  o th e r  io n s  shou ld
be s tu d ie d ,  th e  o b je c t iv e  b e in g  to  s tu d y  io n s  more commonly u sed  a s  dopan ts
in  sem i-co n d u c to r te c h n o lo g y  f o r  example b o ro n . The work sho u ld  b e  ex tended
to  th e  t r u e  s i l i c o n  ox ide  found on p u re  s i l i c o n .
The e le c t r o n  bombardment e f f e c t s  sh o u ld  a ls o  r e c e iv e  a t t e n t i o n  in
co n n e c tio n  w ith  th e  i n t r i n s i c  ox ide  la y e r  found on s i l i c o n .
The r e s u l t s  a ch iev ed  w ith  p u re  SiO^ a re  en co u ra g in g  b ecau se  th e
i n t r i n s i c  o x ide  l a y e r  sh o u ld  be o f  ex tre m ely  h ig h  p u r i t y  and co u ld  p o s se s s
s im i la r  su r fa c e  and e l e c t r o n i c  p r o p e r t i e s  to  th e  v i t r e o u s  s i l i c a  used  in  
t h i s  work.
8 .2 02 O th er In fo rm a tio n  g a in e d  o u ts id e  th e  Main O b je c tiv e s
Some v e ry  u s e f u l  e x p e rie n c e  h as  been  g a in e d  in  th e  developm ent o f  
t h e  sim ple  VCAS. Y/hen low c u r r e n t  d e n s i t i e s  can be t o l e r a t e d  t h i s  so u rce  i s  
q u i te  s a t i s f a c t o r y  f o r  p ro v id in g  »orts o f  any co n d u c tin g  m a te r i a l .  The so u rce  
c o u ld  p ro b a b ly  be developed  f u r t h e r  w ith  h ig h e r  freq u en cy  o s c i l l a t i o n .  .
The d a ta  o f  io n  t r a p p in g  p r o b a b i l i t i e s  h as  a l s o  opened up a n o th e r  
i n t e r e s t i n g  l i n e .  The te c h n iq u e s  employed h e re  though o n ly  p a r t l y  s u c c e s s fu l  
have been  shown to  be p ro m is in g  and would be w orth  d e v e lo p in g .
8.3 F in a l  Comments
The r e s u l t s  d e s c r ib e d  h e re  co u p led  w ith  th e  work o f th e  a u th o r 1 s 
c o lle a g u e s  have shown t h a t  in v e s t ig a t io n  o f  io n  im p la n ta t io n  in t o  non c r y s t a l ­
l i n e  m a te r ia ls  i s  b o th  i n t e r e s t i n g  and  w o rth w h ile . B e a r in g  i n  mind th e  
g e n e r a l ly  l a r g e  c o s t  o f  th e  h ig h  v o l ta g e  ‘ end* o f  a c c e le r a t in g  system s and th e  
a c c e p te d  n e c e s s i ty  f o r  h ig h  and u l t r a  h ig h  vacuum t a r g e t  cham bers a t  th e  
bom barding end o f  th e  a p p a ra tu s ,  i t  seems econom ical to  in c o rp o r a te  e v a p o ra tio n  
and beam scann ing  system s so  t h a t  r e s i s t i v e  and c o n d u c tiv e  com ponents can be 
p roduced  in  p a r a l l e l  w ith  th e  a c t iv e  d e v ic e s .  In  A ppendix A3 a n o th e r  method 
o f  p ro d u c in g  in te r c o n n e c t io n s  w i l l  be  su g g e s te d . T h is  m ethod in v o lv e s  th e  u se  - ;
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o f  h ig h  energy  gas io n s  t h a t  may he e a s i l y  p roduced  s im u lta n e o u s ly  w ith  
no rm al dop an t io n s  i n  m ost sources*  T h is  work r e in f o r c e s  th e  v ^ r i te r1 s 
b e l i e f  i n  e x ten d in g  f u r t h e r  th e  s tu d ie s  o f  io n  im p la n ta t io n  in to  o th e r  th a n  
c o n v e n tio n a l c r y s t a l l i n e  sem i-co n d u c to rs*
1 6 2
A ppendix A1
C ondensa tion  E nergy  m easured ~by th e  B enjam in Weaver (1959; method 
A1 • 1 E x p e rim e n ta l
A101*1 A p p ara tu s  and method
The a p p a ra tu s  was s im i la r  in  many v;ays to  t h a t  d e s c r ib e d  by
Benjamin and Y/eaver (1959) and- Rhodin (1949) and. i s  shown diagrammatic a l ly
i n  f ig u r e  A 1 .1 . The s u b s t r a t e  h o ld e r  was a m assive  copper b lo c k  c o n ta in in g
a c a r t r id g e  h e a te r  and th e  s u b s t r a t e s  i n  th e  form o f  1” sq u a re  soda g la s s
w ere clam ped on to  th e  h e a t e r  by means o f  screws* The g l a s s  s l i d e s  w ere
c o a te d  w ith  a  co n d u c tin g  f i lm  o f  alum inium  ex ce p t f o r  a g" s t r i p  a lo n g  th e
ce n tre *  B oth  clam ping screw s b o re  on to  th e  alum inium  s u r f a c e ,  one was
in s u la te d  and a le a d  from  i t  was ta k e n  o u ts id e  th e  vacuum chamber* The o th e r
screw  was e a r th e d  and a  4*5 V d ry  b a t t e r y  w ith  a 0 -5  MA m e te r  in  s e r i e s  was
jo in e d  betw een e a r th  and th e  in s u la te d  le a d ,  so when a co n d u c tin g  f i lm  was
d e p o s ite d  a c ro s s  th e  u n co a ted  s t r i p  on th e  s u b s t r a te  e l e c t r i c a l  c o n t in u i ty
was made and th e  m icroam m eter r e g i s t e r e d  c u r re n t*  The maximum m e asu ra b le  
8 . ,
r e s i s t a n c e  was 10 Q /s q u a re .  A g ” s l i t  s i tu a te d  j u s t  i n  f r o n t  o f  th e  
s u b s t r a te  w ith  i t s  a x is  norm al to  th e  u n co a ted  g la s s  s t r i p  se rv ed  to  d e f in e  
a sq u a re  o f  d e p o s ite d  f i lm .
The s u b s t r a t e  te m p e ra tu re  was m easured by means o f  a  ch ro m e l-a lu m e l 
therm ocouple and p o te n t io m e te r .
The e v a p o ra tio n  sou rce  was o f  th e  Knudsen ty p e  a l r e a d y  r e f e r r e d  to  
i n  C h ap te r  I I I  and th e  te m p e ra tu re  was m easured w ith  a P t .  P t  1 yfo Rh therm o­
couple*
The p re s e n t  ex p erim en ts  w ere r e s t r i c t e d  to  copper f i lm s  and  th e  
ex p e rim e n ta l p ro c e d u re  was as used  by Benjam in and Yfeaver (1959)* The 
s u b s t r a te  h e a t e r  was ta k e n  to  th e  te m p e ra tu re  a t  w hich th e  c r i t i c a l  condensa­
t i o n  r a t e  was r e q u i r e d .  Then th e  so u rce  te m p e ra tu re  was v e ry  s lo w ly  r a i s e d
iG3
Su 6s bra te  iieo  ler &iock
Ihermocou f> je
S h u t t e r
 ^ V , tb  • ^  ■ '!b/o Kk therm ocouple.
Fig ft!- / SenJo min 4 bleayer type. C o n d e n s a t io n  
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u n t i l  c o n d e n sa tio n  was d e te c te d  by c u r r e n t  f lo w in g  in  th e  m icroam m eter.
The so u rce  te m p e ra tu re  was n o te d  and th e  v ap o u r p r e s s u re  o b ta in e d  from  
Nesmeyanov ( i  9^3)•
Now a c c o rd in g  to  F re n k e l (1 9 2 4 ), see  C h ap te r I I
Q  > Mc v> -  S -  . . .  (A 1.1)■t -  r . kT
and f o r  f a i r l y  sm a ll v a r i a t i o n s  o f  so u rc e  te m p e ra tu re  q cc p w here p i s  th e  
s a tu r a te d  vap o u r p r e s s u re  in  th e  e f fu s io n  so u rc e .
so (D «  Ae x f >  . . .  (A 1.2)
S O 2 . 3 k 3 | o j p =  . . .  (A 1.3)
rv. I
Then by p l o t t i n g  lo g  p a g a in s t  /  , E can b e  o b ta in e d  from  th e  s lo p e ,
\o J-
Some s u b s t r a te s  were o u tg a sse d  a t  300°C f o r  two h o u rs  p r i o r  to  th e  
co n d e n sa tio n  ex p erim en ts , o th e rs  were h e a te d  d i r e c t l y  to  th e  r e q u ir e d  tem pera­
t u r e ,  No m easurem ents w ere ta k en  w ith  th e  s u b s t r a te  above 200°C b e c a u se  i t  
was found  t h a t  sodium d i f f u s e d  on to  th e  s u r fa c e  and red u ce d  th e  s u r fa c e  
r e s i s t a n c e ,
A1.1 •2  R e s u l t s  and d is c u s s io n
The r e s u l t s  in  th e  form o f  an A rh en iu s  p lo t  a re  shown in  f ig u r e  A1 
i t  can be seen  t h a t  th e s e  g iv e  re a so n a b ly  good s t r a i g h t  l i n e s  i n d i c a t i n g  an 
a c t iv a t io n  phenomenon. The fo llo w in g  co n d e n sa tio n  e n e rg ie s  have been  c a l c u la te
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Oiitffa.ss^d g la s s  E = 0 .3  eV V C ^
Non o u tg a sse d  g la s s  = 0 .1 2 2  eV
The v a lu e s  a re  o f th e  same o rd e r  a s  th o se  found by B enjam in and
V/eaver f o r  Cd, Ag and A1 b u t  a r e  o b v io u s ly  i n c o r r e c t  b ecau se  th e  E^ v a lu e s
m easured in  t h i s  m anner a re  l e s s  th a n  th e  d o u b le t bond energy  e x p e r im e n ta lly
d e te rm in ed  by  Ackermann e t  a l  (19& 0). F u r th e r  ev id en ce  o f  th e  e rro n eo u s
d a ta  o b ta in e d  may be deduced by  c a lc u la t in g  th e  v a lu e  o f  A o r  2 .3  lo g  A
i O
i n  e q u a tio n s  A 1.2 and A1.3* F o r th e  o u tg a ssed  and non o u tg a sse d  sam p les ,
2 .3  lo g  A h a s  th e  v a lu e s  + 0 .2 7  and -  6 .2 2  r e s p e c t iv e l y .  The a c t u a l  v a lu e  •0
o f  A = c o n s ta n t  x  N0\?o so sh o u ld  be re a s o n a b ly  c o n s ta n t  and such  la r g e  
v a r i a t i o n s  a r e  u n a c c e p ta b le .  E xam ination  o f  B enjam in and W eaver*s (1959) 
r e s u l t s  a ls o  show t h a t  la r g e  v a r i a t i o n s  a re  p r e s e n t  i n  A so i t  i s  concluded  
t h a t  t h e i r  r e s u l t s  a re  u n r e l i a b l e .
I t  i s  su sp e c te d  t h a t  in  b o th  B enjam in and W eaver*s ex p erim en ts  and 
th e  p r e s e n t  ones th e  o n se t o f  c u r r e n t  flow  was n o t d e te c t in g  c r i t i c a l  
co n d e n sa tio n  b u t th e  c r i t i c a l  " f i lm  th ic k n e s s "  f o r  c o n tin u o u s  c o n d u c t iv i ty ,  
N eugebauer ( 1964) has shown t h a t  t h i s  p a ra m e te r  i s  te m p e ra tu re  dependan t w hich 
i s  exp ec ted  b ecau se  i t  depends on c l u s t e r  d e n s i ty .
A1 •2 C on c lu sio n
I t  i s  concluded  th a t  t h i s  method g iv e s  e rro n eo u s  r e s u l t s  f o r  
co n d en sa tio n  e n e rg ie s  and can n o t be recommended. The r e s u l t s  o f  B enjam in and 
W eaver (1959) an& Rhodin (1949) a re  th e r e f o r e  s u sp e c t and sh o u ld  n o t  b e  u sed  
i n  n u c le a t io n  c a l c u la t io n s .
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A ppendix A2
■4-
P r e d ic t io n s  o f  d o ses  o f  h ig h e r  energy  Au' io n s  
a b le  to  prom ote p r e f e r e n t i a l  d e p o s it io n
A l l  o f  th e  work on io n  im p la n ta t io n  in d u ced  p r e f e r e n t i a l  
d e p o s i t io n  r e p o r te d  h e re  has been  c a r r i e d  o u t a t  low energ ies©  I t  i s  
i n s t r u c t i v e  to  u se  th e s e  r e s u l t s  to  f o r e c a s t  l i k e l y  dose l e v e l s  n e c e s s a ry  
f o r  th e  e f f e c t  a t  h ig h e r  im p la n ta t io n  e n e rg ie s ,  i e  e n e rg ie s  more u s u a l ly  
found i n  c o n v e n tio n a l io n  im p la n ta t io n  m ach ines.
Prom th e  r e s u l t s  in  C h ap te r VI i t  i s  concluded  t h a t  a  g o ld
15
atom ic d e n s i ty  o f  abou t 5 x  10 atom s cm m ust be  tra p p e d  in  th e  s u r f a c e  
o f  th e  d i e l e c t r i c ,  w ith in  a d e p th  o f  t y p i c a l l y  15 The m odel d e v ise d  in  
C h ap te r VI does n o t  a llo w  c a l c u la t io n s  beyond th e  sim ple  ran g e  p r o f i l e  
p o s tu la te d  th e r e  b u t by em ploying th e  LSS th e o ry  o f  L in d h ard  e t  a l  (1963) 
i t  i s  p o s s ib le  to  e s t im a te  th e  t o t a l  dose p e r  u n i t  a re a  t h a t  would be  
r e q u ire d  to  g iv e  th e  n e c e s s a ry  im p lan ted  dose i n  th e  f i r s t  15 X.
P ig u re  A2.1 shows th e  model em ployed. The im p la n te d  io n s  a re
assumed to  ta k e  up a d i s t r i b u t i o n  p r o f i l e  o f  th e  G-aussian form a b o u t a mean
p r o je c te d  ran g e  x w ith  a s t r a g g le  o r s ta n d a rd  d e v ia t io n  o f  o'. P o r  g o ld  io n
e n e rg ie s  g r e a t e r  th a n  10 keV in  SiO^ th e  amount o f  im p la n te d  m a te r ia l  below
th e  s u r fa c e  i s  v i r t u a l l y  100^. . By f in d in g  th e  amount in  a  la m in a x -A  where 
o
A ~  15 A i t  i s  p o s s ib le  t o  c a l c u la te  t h e - r a t i o  o f  im p lan ted  m a te r ia l  i n  A 
to  th e  t o t a l  amount im p la n te d  and th u s  c a l c u la t e  th e  t o t a l  dose t h a t  v/ould 
be  re q u ire d  t o  prom ote Ag p r e f e r e n t i a l  d e p o s i t io n .
T h is  e x e rc is e  h as  been c a r r i e d  o u t u s in g  P R C  S tev en s c a l c u la t io n s  
o f  /  and cr (p  R C S tev e n s  (1970 P r iv a t e  C om m unication)). The r e s u l t s  a re  
shown i n  f ig u r e  A 2.2 f o r  Au e n e rg ie s  betw een 10 and 120 keV.
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I t  can  b e  seen t h a t  th e  c r i t i c a l  dose  r i s e s  s h a rp ly  betw een
10 and 2f£> keV th e n  te n d s  to  l e v e l  o f f .  The in c re a s e  in  dose  betw een
60 and 120 keV i s  f a i r l y  sm a ll so th e  io n  o p t i c a l  ad v an tag es  o f  h ig h
energy  can be ta k e n  w ith  o n ly  a  sm a ll in c re a s e  i n  i r r a d i a t i o n  t im e .
The dose l e v e l s  a re  q u i te  h ig h  when com p ared 'w ith  th o s e  n o rm a lly
found in  sem i-co n d u c to r dop ing  and may be p r o h ib i t i v e .  However io n  so u rce
d e s ig n  and developm ent c o n tin u e s  and i t  i s  c o n c e iv a b le  t h a t  c u r r e n t
\Co -"2. -I
d e n s i t i e s  o f  10 mA cm (6 x  10 io n s  cm sec ) co u ld  be o b ta in e d  in  
w e ll  fo c u s se d  system s so th e  p ro c e s s  o f  beam tr a c e d  in te r c o n n e c t io n s  may 
s t i l l  be f e a s i b l e .
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Appendix A3
R e c o il atom im p la n ta t io n  and i t s  e f f e c t s  on th e  a d h es io n  o f
th i n  f i lm s
A3 •1 In tr o d u c t io n
C o l l in s  e t  a l  (19&8) found t h a t  when complex cerm et s t r u c tu r e s  
were p roduced  by im p la n tin g  alum inium  f i lm  w ith  oxygen io n s ,  th e  ad h es io n  
o f  th e  cerm et to  i t s  g la s s  s u b s t r a te  was g r e a t ly  enhanced. T h is  d is c o v e ry  
le d  to  an in v e s t ig a t io n  o f  th e  e f f e c t s  o f  e n e rg e t ic  r a r e  g as  io n  im p la n ta t io n  
on th e  a d h e s io n  o f  t h i n  m e ta l f i lm s  t o  g la s s y  s u b s t r a t e s .  The a p p l ic a t io n s  
o f  such  an e f f e c t  w ere m a n ifo ld . A dhesion o f  th i n  m e ta l f i lm s  to  d i e l e c t r i c  
s u b s t r a te s  i s  weak when th e  i n t e r a c t i o n  betw een f i lm  and s u b s t r a t e  i s  o n ly  
p h y s ic a l ,  i e  th e  i n t e r a c t i o n  p ro c e s s e s  d is c u s s e d  in  C h a p te r  IV , So any 
method o f  in c re a s in g  t h i s  ad h es io n  h a s  a p p l ic a t io n s  in  a v a r i e t y  o f  th i n  f i lm  
te c h n ic a l  p ro c e s s e s .  L o c a lly  in c re a s e d  ad h es io n  co u ld  have a p p l i c a t io n s  in  
th e  p r e s e n t  p r o je c t  w here th e  fo rm a tio n  o f  in te r c o n n e c t io n s  by  io n  im p la n ta t io n  
i s  u n d e r c o n s id e ra t io n .  F o r  example i f  a  co n tin u o u s  f i lm  co u ld  have a h ig h ly  
a d h e s iv e  p a t t e r n  t r a c e d  o v er i t s  s u r fa c e  by a programmed io n  beam th e n  th e  
unbombarded re g io n  be  rem oved, a n o th e r  method o f  *w ritin g *  in te r c o n n e c t io n  
p a t t e r n s  em erges.
In  t h i s  Appendix ex p erim en ts  a r e  d e s c r ib e d  i n  w hich th e  a d h e s io n  o f  
t h i n  alum inium  f i lm s  h as  been much enhanced by a rgon  io n  bom bardm ent. The 
p ro c e s s e s  o f  r e c o i l  atom im p la n ta tio n  a r e  invoked  to  e x p la in  th e  phenomena and 
a  th e o ry  i s  d e r iv e d  t h a t  e x p la in s  th e  e x p e rim e n ta l e f f e c t s  in  a  q u a l i t a t i v e  
f a s h io n .  E xp erim en ts  a r e  d e s c r ib e d  t h a t  d i r e c t l y  check th e  t h e o r e t i c a l  model 
and a llo w  r e le v a n t  p a ra m e te rs  such a s  s c a t t e r in g  c ro s s  s e c t io n s  t o  be  
d e r iv e d .  F in a l ly  th e  te c h n o lo g ic a l  f e a s i b i l i t y  o f  u s in g  io n  bombardment 
enhanced adh esio n  i s  d is c u s s e d  a n d .d e m o n s tra te d .
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A3• 2 The enhancem ent o f  alum inium  to  g la s s  a d h es io n  “by means o f
e n e rg e t ic  a rg o n  io n  bombardment 
A3#2*1 E x p e rim e n ta l method
P re p a ra t io n  o f  alum inium  f ilm s
Soda g la s s  m icroscope  s l id e s  w ere u sed  f o r  th e  s u b s t r a te #  The 
g la s s  was f i r s t  washed i n  T eepo l and w a te r ,  d r ie d  and some sam ples w ere g iv e n  
a f i n a l  d e g re a s in g  in  e i t h e r  i s o - p r o p y l  a lc o h o l o r  i t s  h o t v a p o u r . The 
alum inium  f i lm s  w ere d e p o s ite d  by  e v a p o ra tio n  a t  a p re s s u re  o f  ab o u t 5 x  10 
t o r r  and were 400-500 $  t h i c k .  No a tte m p t was made to  p roduce  u l t r a - c l e a n  
s u r fa c e s  o r  f i lm s  w ith  good a d h e s io n  b u t as f a r  as  p o s s ib le  a l l  th e  sam ples 
i n  a b a tc h  were g iv en  th e  same ty p e  o f p r e p a ra to ry  t r e a tm e n t .  In  a d d i t io n ,  
to  red u ce  c o m p lic a tio n s  from  e f f e c t s  such a s  ag e in g  o f  th e  f i lm s  and dependence 
on e v a p o ra tio n  c o n d i t io n s ,  b a tc h e s  o f  n in e  1- i n  sq u are  sam ples were p re p a re d  
a t  th e  same tim e . The sam ples o f  a g iv e n  b a tc h  were i r r a d i a t e d  s e p a r a te ly  
and th e  a d h es io n  m easured e i t h e r  im m ed ia te ly  by th e  " s c r a tc h  t e s t "  o r  a f t e r  
an i n t e r v a l  o f  1 -4  days by  th e  " p u l l  t e s t " .  A b so lu te  v a lu e s  o f  th e  ad h es io n  
were n o t  o b ta in e d  and com parison  o f  th e  im provement i n  a d h e s io n  w ith  bombard­
ment on ly  made betw een specim ens in  th e  same b a tc h .
Ion  bombardment
The f i lm s  were i r r a d i a t e d  w ith  argon  io n s  o f  energy  80-120 keV from
a sm a ll a c c e le r a to r .  T h is  energy  was chosen  to  en su re  t h a t  th e  io n s  p e n e t r a te d
th e  alum inium  and e n te re d  th e  s u b s t r a t e .  The ran g e  o f  a rgon  io n s  i n  alum inium
was c a lc u la te d  u s in g  th e  th e o ry  o f  L in d h a rd t e t  a l  ( 19&3) 885 S. a t
100 keV. The argon  io n s  were p roduced  i n  an r f  ty p e  so u rce  and m ag n e tic  mass 
was
a n a ly s i s  c a r r i e d  o u t a f t e r  a c c e le r a t io n .  I n  o rd e r  to  en su re  u n ifo rm  i r r a d i a t i o
A
th e  beam was scanned  a c ro s s  th e  specim en in  two d i r e c t io n s  w ith  f r e q u e n c ie s  o f  
1 and 50 Hz. The i r r a d i a t i o n  a re a  was l im i te d  by a •g'-in d ia m e te r  mask c3.ose 
to  th e  specim en. The charge  r e c e iv e d  by  th e  specim en v/as re c o rd e d  on a  
c u r r e n t  i n t e g r a t o r  and a n e g a t iv e ly  b ia s e d  e le c t r o d e  in  f r o n t  o f  th e  mask and 
specim en su p p ressed  any secondary  e le c t r o n  em iss io n .
m
M easurem ent o f  a d h es io n
The s c r a tc h  t e s t  developed  by H eavens (1950) and B enjam in and V/eaver 
( i 960) p ro v id e s  a  quick  method o f a s s e s s in g  th e  a d h e s io n . In  t h i s  method a 
s p h e r ic a l  n e e d le  p o in t  (O ,004- i n  r a d i u s ) ,  w hich can be lo a d e d  w ith  w e ig h ts  to  
in c re a s e  th e  p re s s u re  o f  th e  p o in t  on th e  f i lm ,  i s  drawn a c ro s s  th e  s u r f a c e .
The lo a d  on th e  p o in t  i s  p r o g r e s s iv e ly  in c re a s e d  u n t i l  th e  p o in t  rem oves th e  
f i lm  c le a n ly  in  one t r a v e r s a l  a c ro s s  th e  f i lm .  I t  was found t h a t  w ith  i r r a d i a t  
f ilm s  w here th e  ad h es io n  was good th e  p o in t  a t  which th e  f i lm  was removed 
co m p le te ly  r e q u ire d  c a r e f u l  judgem ent. The sample was i l lu m in a te d  from  below  
and view ed i n  th e  re g io n  o f  th e  p o in t  by means o f  a low -pow ered m icro sco p e .
The f i r s t  s ig n s  o f  damage to  th e  f i lm  a s  th e  p o in t  lo a d  was in c re a s e d  u s u a l ly  
took  th e  form o f  an in c re a s e  in  l i g h t  tr a n s m is s io n  where th e  p o in t  had moved 
a c ro s s  th e  s u r f a c e .  E xam ination  o f  th e  f i lm  u n d er a  h ig h  pow ered r e f l e c t i o n  
and tra n s m is s io n  m icroscope showed th a t  th e  alum inium  f i lm  had  been  deform ed 
and th in n e d  b u t n o t removed by th e  p o in t .  F u r th e r  lo a d in g  o f  th e  p o in t  was 
n e c e s sa ry  to  b re a k  th ro u g h  th e  f i lm  and remove from th e  s u b s t r a t e  c o m p le te ly . 
The maximum lo a d  on th e  p o in t  was l im i te d  to  250 g to  p re v e n t  d e fo rm a tio n  o f 
th e  p o in t  r a d iu s .
A no ther method used  to  t e s t  th e  th i n  f i lm  ad h es io n  was one in v o lv in g  
a  p u l l in g  fo r c e  on th e  f i lm s .  In  t h i s  method th e  fo rc e  r e q u i r e d  to  remove th e  
f i lm  from th e  g la s s  was m easured . C o n tac t to  th e  f i lm  v/as made by  bonding  a 
m e ta l d is c  ( 0 .2 - 0 . 5 - in  d ia m e te r)  to  th e  f i lm  u s in g  c o l d - s e t t in g  a r a l d i t e .  A 
s im i la r  d is c  was bonded to  th e  o p p o s ite  s id e  o f  th e  g la s s  i n  l i n e  w ith  th e  
f i r s t  d is c  so t h a t  when th e  p u l l in g  fo rc e  was a p p lie d  to  th e  d i s c s  th e  te n s io n  
th ro u g h  th e  g la s s  and f ilm  was u n ifo rm . The f o r c e  was a p p l ie d  e i t h e r  th ro u g h  
a  s p r in g  b a la n c e  o r  a H o u n sfie ld  E x ten so m ete r i n  th e  ca se  o f  th e  l a r g e r  
d ia m e te r  d i s c s .
A 3 .2., 2 R e s u lts
The ad h es io n  o f  a i l  th e  i r r a d i a t e d  f i lm s  fo llo w s  th e  same p a t t e r n ,  
th e  f i r s t  d e te c ta b le  change in  a d h es io n  o c c u rr in g  a f t e r  a d ose  o f
173.
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0.005-0o01 100/ 0111“ (1 m illico u lo m b  = 6 ,2 5  x 10 io n s ) .  T h is  i s  fo llo w ed  by 
a s te a d y  in c r e a s e  in  ad h es io n  w ith  dose re a c h in g  a peak v a lu e  a t  ab o u t 1 mC/cm • 
Due to  l i m i t a t i o n s  on th e  u p p er l i m i t  o f  b o th  m ethods o f  m easu ring  th e  ad h e s io n  
(d e fo rm a tio n  o f  p o in t  o r  f a i l u r e  o f  th e  a r a l d i t e  bond) no in c r e a s e  in  ad h es io n  
co u ld  be m easured w ith  f u r t h e r  in c re a s e d  d o se . T y p ic a l c u rv e s  showing th e  
dependence o f m easured a d h es io n  w ith  io n  dose u s in g  s c r a tc h  t e s t  a re  g iv e n  in  
F ig u re  A 3 .1 . The p o in ts  on a p a r t i c u l a r  cu rv e  were o b ta in e d  from  sam ples 
g iv en  th e  same p re p a ra to ry  tre a tm e n t and a l l  c o a te d  in  th e  same e v a p o ra tio n . 
S u rfa c e s  g iv e n  a s u p e r f i c i a l  c le a n in g  ap p ea red  to  r e q u i r e  a  l a r g e r  io n  dose 
to  in c re a s e  th e  ad h es io n  to  a g iv en  v a lu e  th a n  c le a n e r  s u r f a c e s ,  eg a lc o h o l  
vapour c le a n e d .
In  some c a s e s  when on ly  s u p e r f i c i a l  c le a n in g  was used  p a r t s  o f  th e  
i r r a d i a t e d  f i lm  w ere found  to  be b l i s t e r e d ,  and t h i s  was p ro b a b ly  due to  
e v o lu tio n  o f  gas from  co n ta m in a tio n  on th e  s u r fa c e  a s  a r e s u l t  o f  th e  bombard­
m ent. T here a ls o  ap p ea red  to  be a tim e f a c to r  in v o lv e d , s in c e  f i lm s  i r r a d i a t e d  
w ith in  ■§—1 h o u r o f  b e in g  d e p o s ite d  showed no b l i s t e r i n g  b u t sam ples from  th e  
same b a tc h  bombarded some hours l a t e r  d id  b l i s t e r .  Even th e  b l i s t e r e d  f i lm s  
showed th e  u s u a l  in c re a s e  in  ad h es io n  in  th e  a re a s  n o t  l i f t e d  from  th e  s u r fa c e  
by th e  b l i s t e r s .
An in c re a s e  in  th e  ad h es io n  w ith  tim e  f o r  th e  u n i r r a d i a te d  f i lm s  v/as 
observ ed  s im i la r  to  th e  e f f e c t  r e p o r te d  by Weaver and H i l l  (1959)* ? ° r
in s ta n c e ,  an in c re a s e  from 3 .5  g lo a d  (u s in g  s c r a tc h  t e s t )  a t  2 h o u rs  a f t e r  
d e p o s i t io n  to  10 g a t  26 h o u rs  was m easured. A lthough  in  some sam ples th e r e  
was ev id en ce  o f  an in c re a s e  in  a d h es io n  w ith  tim e  a f t e r  bom bardm ent, t h i s  was 
observ ed  on ly  n e a r  th e  minimum dose  w hich a f f e c t s  th e  a d h e s io n .
The s c r a tc h  t e s t  gave quick  co m p ara tiv e  m easurem ents o f  th e  a d h e s io n  
and in  o rd e r  to  o b ta in  some m easu re -o f th e  f o r c e  re q u ire d  to  remove th e  f i lm  
th e  p u l l  t e s t  was u se d . I n  F ig u re  A 3.2 th e  p u l l  r e q u ire d  to  remove th e  f i lm  as  
a fu n c tio n  o f  io n  dose i s  g iv e n . A t low d o ses  th e  alum inium  f i lm  i s  c o m p le te ly  
rem oved, b u t  as th e  a d h es io n  in c re a s e s  due to  h ig h e r  dose p a tc h e s  o f  alum inium
174-
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a re  l e f t  on th e  g l a s s .  The g e n e ra l  shape o f  th e  cu rv e  a t  th e  low d o ses  was
-1 „  -T>__________J  -f*______ 0-1___ -I 1 1 •    _  X * 0 * 0 - 1 , 0> _ _ , 1 ____.______L T- _ -I 1   O*xxxxbitcu  xx'uui out; gtxuex'cu- ueiicivxuux' u i xxxlfls xTurn sevex'cix uxxx ex’Cxxo uaouxxeo ux
sam ples. A t th e  h ig h e s t  d o ses  g iv e n , th e  a d h e s io n  i s  so g r e a t  t h a t  th e  a r a l d i t e  
hond b re a k s  when th e  fo r c e  a p p l ie d  exceeds 2 ,00 .0 -3 ,000  l b / i n  , a lth o u g h  some 
re q u ir e d  a fo r c e  o f  3 ,800  l b / i tx b e fo re  th e  a r a l d i t e  o r  th e  g la s s  f a i l e d .
A3*3 D isc u ss io n  on A dhesion R e s u l ts
I t  has a lre a d y  been p o in te d  o u t t h a t  th e  i n i t i a l  i n t e r a c t i o n  betw een 
th in  f i lm s  and d i e l e c t r i c  s u b s t r a te s  i s  g e n e r a l ly  p h y s ic a l  in  n a tu r e  so th e  
energy  o f  bonding i s  low . However i f  th e r e  i s  chem ica l c o m p a t ib i l i ty  betw een 
th e  f i lm  and s u b s t r a t e  th en  i t  i s  p o s s ib le  t h a t  m utual d i f f u s io n  can  ta k e  
p la c e  so t h a t  th e  i n t e r f a c e  changes from  an a b ru p t t r a n s i t i o n  betw een  f i lm  
and s u b s t r a te  to  a more complex l a y e r  c o n ta in in g  compounds o f  a l l  th e  e lem en ts  
c o n ta in e d  in  th e  system . Such b e h a v io u r  w i l l  le a d  to  an enhancem ent in  
ad h es io n  e s p e c ia l ly  w here a g la s s - m e ta l  o x ide  la y e r  i s  formed* F r e d r ic k  and 
Ludema ( 1964)*
I t  i s  su g g es ted  t h a t  th e  a rgon  io n  bombardment enhanced t h i s  
p ro c e s s  by c o l l i s i o n  r e c o i l s .  Aluminium atom s a re  s c a t t e r e d  in t o  th e  g la s s  
s u b s t r a te  and oxygen and s i l i c o n  atom s a r e  s c a t t e r e d  back  in to  th e  alum inium
f i lm . Such a m utual t r a n s f e r  o f  m a te r ia l  c o u ld  le a d  to  a com plex o x id e  i n t e r s
fa c e  betw een th e  f i lm  and g la s s  o f  v e ry  h ig h  s t r e n g th .
The te c h n iq u e  r e c o i l  atom im p la n ta t io n  had r e c e iv e d  l i t t l e  a t t e n t i o n  
and i t  was th e r e f o r e  d ec id ed  to  in v e s t i g a t e  t h i s  phenomena t h e o r e t i c a l l y  and 
e x p e r im e n ta lly .
A3 *4 The Theory o f  R e c o il Atom Im p la n ta t io n
A3.4*1 The N elson  ( 1969) th e o ry
N elson  b ased  h i s  th e o ry  on th e  tr e a tm e n t o f  energ y  d e n s i ty  w ith in  
c o l l i s i o n  c a sc a d e s  due to  R obinson (1-9.65) a-ftd Thompson ( 1968) .  He u s e s  a model 
in  w hich th e  th ic k n e s s  o f  th e  f i lm  i s  assumed sm all enough to  a llo w  th e  
p r o j e c t i l e s  to  t r a v e r s e  i t  w ith o u t s ig n i f i c a n t  lo s s  in  f lu x .  He assum es an
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i s o t r o p i c  d i f f e r e n t i a l  s c a t t e r in g  c ro s s  s e c t io n  and a r r i v e s  a t  an e x p re s s io n
N e ls o n  th e n  goes on t o  c a lc u la t e  a r e c o i l  ra n g e  d i s t r i b u t i o n  
fro m  th e  e n e rg y  d i s t r i b u t i o n  u s in g  LSS th e o r y .
I n  th e  p re s e n t  w o rk  th e  p a ra m e te r  o f  i n t e r e s t  i s  th e  t o t a l  r e c o i l  
a tom  f l u x  v e rs u s  in c id e n t  p r o j e c t i l e  f l u x  and t h i s  v a lu e  may be o b ta in e d  fro m  
th e  i n t e g r a l
f o r  th e  f l u x  o f  r e c o i l s  d $  c r o s s in g  i n t o  th e  s u b s t r a te  w i t h  e n e rg y  E i n  th e
i n t e r v a l  E + dE due t o  in c id e n t  p r o j e c t i l e s  w i t h  e n e rg y  E ,
C Zfe 65 7 %
•  •  • (A 3.1)
where Q„ = Bohr r a d iu s  (0 .5 3  -a)
= vo lum e  a to m ic  d e n s i t y  o f  f i l m  
D = a to m ic  s p a c in g  i n  f i l m  
E = The R yd b e rg  en erg y (l3 « 6  eV)IV
Z ,Z  = th e  a to m ic  num bers o f  p r o j e c t i l e  and t a r g e t  r e s p e c t iv e ly
,M^ = th e  a to m ic  mass o f  p r o j e c t i l e  and t a r g e t  r e s p e c t iv e ly  
0 = th e  p r o j e c t i l e  f l u x
( M i -t M i ) ^
i ,
F o r  E »  E th e  d $  i s  in d e p e n d a n t o f  E and  i s  p r o p o r t io n a l  /  2 
r  1 E
•  •  • (A3. 2)
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Where E . i s  th e  energy  r e q u ir e d  by a r e c o i l  atom to  c ro s s  th e  
t h i n  f i l m / s u b s t r a t e  i n t e r f a c e  so
£  r
i< * J i f a -  ' / g ' J d E
. . .  (A 3.j )
w here l i  =• 4-TOo
2-72 ( M t + M , . ) ! * , + z x )
so / c£ “#*Mtn
mm 
a  1 - n j . . .  (A 3.4)
and w here E >> E
?  - kI
Emm
. . .  (A 3.5)
E q u a tio n  A3*5 shoves t h a t  i n  t h i s  th e o ry  th e  f lu x  o f  r e c o i l s  in t o
th e  s u b s t r a t e  in c re a s e s  m o n a to n ic a lly  w ith  th e  in c id e n t  f lu x  0. Such a
p r e d ic t io n  i s  t h e o r e t i c a l l y  u n re a so n a b le  b eca u se  i f  th e  s c a t t e r i n g  i s  i s o t r o p i c
th e n  some atoms fo rw ard  s c a t t e r e d  in to  th e  s u b s t r a te  w i l l  b e  su b se q u e n tly  b a c k -
s c a t t e r e d  in to  th e  f i lm  again*  As th e  p r o j e c t i l e  dose i s  in c re a s e d  i t  i s
a  hems
c l e a r  t h a t  some e q u ilib r iu m  l e v e l  o f  d is p la c e d  w i l l  b u i ld  up around  th e  i n t e r -  
faceo
A-Simple rate m o d e l  / S n o w  p r o p o s e d  k a t  again, a s s u m e s  a n  i s o  tropic
Sca tter ing  p h e n o m e n a  y e t  l e a d s  L  a  S a t u r n  t , o n  in $ .
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A3*4«2 S a tu r a t io n  th e o ry  f o r  r e c o i l  atom im p la n ta tio n
C o n sid e r a  t h i n  f i l m /s u b s t r a t e  system  s im i la r  to  t h a t  p ro p o sed  
by  N elso n  b u t assume t h a t  on ly  lam ina  o f  7.  ^ and Xz  each  s id e  o f  th e  i n t e r f a c e  
ta k e  p a r t  i n  th e  s c a t t e r in g  p ro c e s s .  Then A,< t  th e  f i lm  th ic k n e s s .  Such 
a system  i s  shown in  F ig u re  A3 *3* Now th e  f lu x  o f  atom s from  th e  f i lm  fo rw ard  
s c a t t e r e d  in to  th e  s u b s t r a t e  d $  due to  an e lem ent o f  f lu x  d$ w i l l  be
^  ^  f  1 / r  ^  \ 1 • • • (A3*6)
z Jc / /  L '  * A
w here cr; and a r e  t o t a l  s c a t t e r in g  c ro s s  s e c t io n s ,  and
K i s  th e  f r a c t i o n  o f  p r o j e c t i l e s  t r a n s m it te d  th ro u g h  th e  
f i lm  and in t o  th e  s u b s t r a t e .
I n te g r a t in g  A3*6 betw een 0 and 0 and 0 and §£ and r e a r ra n g in g  
we o b ta in  f o r
= ----- -— 2 I — jf> -  J  • • •  (A3*7)
/ ^6
A s im i la r  t r e a tm e n t can le a d  to  an e x p re s s io n  f o r  s u b s t r a t e  atom s
b a c k s c a t te re d  in t o  th e  f i lm .  H ere i t  i s  assum ed t h a t  a s  s u b s t r a t e  atom s a r e
r e c o i le d  in to  th e  f i lm ,  co n tin u e d  c o l l i s i o n s  le a d  to  a homogeneous d e n s i ty  o f
s u b s t r a te  atoms o f  v a lu e  th ro u g h o u t th e  f i lm .  T hen,t
r t. /  •'* (A3' 8)
= [  K K o 'b  4  -  A
w here th e  new v a lu e s  o f  ^  and cr r e l a t e  to  c o l l i s i o n s  betw een p r o j e c t i l e  and 
s u b s t r a te  a tom s. A 3.8 on in t e g r a t i o n  and rea rran g e m en t y i e ld s  f o r  <& (<f>)
■ f i l m  t n m
o l o m  reco il  
i m p l a n t e d  fr o m  
film  in t o  S u b s tr a ta
Figure /)-5'5 Processes involved in 
recoil Oitom /mplont a I ion
l&o
4 <S' K 1 t J
. . .  (A 3.9)
B oth  o f  th e  e q u a tio n s  A 3.7 and A 3.8 p r e d ic t  an e v e n tu a l r i s e  to  e q u i lib r iu m  
f o r  $ u n l ik e  K e lso n ’ s r e s u l t*  .
H aving b u i l t  up th e  theory^ i t s  l i m i t a t i o n s  m ust b e  p o in te d  out*
The fo llo w in g  p o in t s  sh o u ld  be b o rn e  i n  mind*
( i )  A homogeneous t a r g e t  d e n s i ty  has been  assumed to  h o ld  th ro u g h ­
o u t th e  bombardm ent. E x p e r im e n ta lly  t h i s  h a s  shown n o t  to  be  so 
from  e l e c t r i c a l  m easurem en ts, P e rk in s  and S tro u d  (1970) and e le c t r o n  
m icroscopy  P e rk in s  and S tro u d  ( to  be  p u b l i s h e d ) .  The r e c o i l  atom s 
a c t u a l l y  form a g g re g a te s  in  th e  s u b s t r a t e .
( i i )  Use h a s  been  made o f t o t a l  s c a t t e r in g  c ro s s  s e c tio n s *  T hese
a re  im p o ss ib ly  d i f f i c u l t  t o  c a l c u la te  i n  p r a c t i c e  where th e
p r o j e c t i l e  energy  v a r ie s  ov er a  w ide range  and m u l t ip le  c o l l i s i o n s
betw een t a r g e t  atom s and d isp a c e d  atom s o f  t h e i r  own k in d  a re  in v o lv e d
$
( i i i )  The assum ption  made in  th e  b a c k s c a t te r in g  c a se  t h a t  X. rz t  
w i l l  on ly  be t r u e  a f t e r  bombardment h a s  o ccu rred  f o r  some p e r io d  o f  
tim e . I n i t i a l l y  th e  b a c k s c a t te r e d  d e n s i ty  w i l l  be r e s t r i c t e d  to  a 
lam ina o f th ic k n e s s  l e s s  th a n  t .
R e g a rd le s s  o f  th e  above s im p l i f i c a t io n s  i t  i s  th o u g h t t h a t  a  th e o ry  
t h a t  p r e d i c t s  a  s a tu r a t io n  in  $ i s  more r e a l i s t i c  th a n  N e lso n ’ s and can  be 
used  in  c a se s  where 0 i s  la rg e *  In  th e  p r e s e n t  work i n t e r e s t  i s  c e n t r e d  on 
l a r g e  p r o j e c t i l e  d o s e s .
Some sim ple  exp erim en ts  aimed a t  t e s t i n g  th e  th e o ry  have  been  c a r r i e d  
o u t and th e s e  w i l l  be e x p la in e d  in  th e  fo llo w in g  s e c t io n .  I n  th e s e  e x p e rim en ts  
th e  w r i t e r  c o l la b o ra te d  w ith  J  G- P e r k in s .
181
A3.5 E x p e rim e n ta l M easurem ents o f  R e c o il  Atom Im p lan ted  Doses
A3.5*1 Method
Aluminium r e c o i l  im p la n te d  in to  SiO^ and p o ly th e n e
F o u r p u re  fu s e d  s i l i c a  s u b s t r a te s  o f  1" x  |rM w ere c le a n e d  and
c o a te d  w ith  500 2. alum inium  f i lm s .  The f i lm s  were th e n  bombarded w ith  80 keV 
•+Ar io n s  in  th e  m anner a lre a d y  d e s c r ib e d  in  A3.1 f o r  v a ry in g  doses  betw een
*5* _z  IG —2.
1 ,5  x  10 io n s  cm to  2 ,5  x  10 io n s  cm • A f te r  bombardment th e  alum inium
was removed from th e  s i l i c a  i n  NaOH s o lu t io n  and th e  s u b s t r a t e s  w ere w ashed
in  d i s t i l l e d  w a te r .  The s i l i c a  s l i d e s  w ere th e n  e tc h e d  to  a d ep th  o f  ab o u t
1 pm i n  d i l u t e  HP a c id  and th e  s o lu t io n  was i r r a d i a t e d  in  th e  AWBE H e ra ld
r e a c to r  so t h a t  th e  alum inium  cou ld  b e  d e te c te d  by n e u tro n  a c t iv a t io n  a n a l y s i s .
B ecause o f  a 10^ f a s t  n e u tro n  f lu x  th e r e  was a com peting r e a c t io n  w ith  th e
s i l i c o n  so some u n t r e a te d  s i l i c a  s l i d e s  o f  th e  same s i z e  a s  th o s e  u sed  i n  th e
bombardments were g iv en  th e  same HF e tc h in g  tre a tm e n t to  d e te rm in e  th e  a c t i v i t y
due to  s i l i c o n .  The mean co u n t due to  s i l i c o n  was th e n  s u b tr a c te d  from  th e
t o t a l  a c t i v i t y  d e te c te d  i n  th e  r e c o i l  im p lan ted  s u b s t r a t e s .
Some f u r th e r  ex p erim en ts  were c a r r i e d  o u t to  d e te rm in e  th e  r e c o i l
atom im p lan ted  dose  o f  alum inium  in  p o ly th e n e . T h is  en ab led  p o ly th e n e  f o i l
s u b s t r a t e s  t o  be in s e r t e d  com plete  in  th e  r e a c to r  a f t e r  r e c o i l  im p la n ta t io n
a s  th e  background a c t i v i t y  was low . High d o ses  o f  a rgon  w ere p r o h ib i te d  b e c a u se
o f  c a rb o n is a t io n  o f  th e  p o ly th e n e  f o i l s .
Oxygen b a c k s c a t te r in g  from s i l i c a  s u b s t r a te s  i n to  th i n  alum inium  f i lm s
P ure  fu se d  s i l i c a  s u b s t r a te s  w ere bombarded w ith  5*5 MeV He”5 io n s
i s
t h a t  tra n s fo rm e d  a f r a c t i o n  o f th e  oxygen atoms in to  F . Aluminium f ilm s
500 & th ic k  w ere d e p o s ite d  on to  th e  s u b s t r a te s  and bombarded w ith  80 keV 
4"
Ar io n s .  A f te r  bombardment th e  alum inium  f i lm s  were d is s o lv e d  in  NaOH
s o lu t io n  and th e  q u a n t i ty  o f  oxygen b a c k s c a t te r e d  in t o  th e  f i lm  was d e te rm in e d
)g
by c o u n tin g  th e  F ** 0 a n n ih i la t io n  gammas in  th e  s o 3 n tio n . S e p a ra te  t e s t s  
showed th a t  f o r  unbombarded f i lm s  on ly  n e g l ig ib l e  am ounts o f  oxygen w ere 
t r a n s f e r r e d  from  th e  s i l i c a  in to  th e  f i lm .
A3*5*2 R e s u l t s  and com parison  w ith  th e o ry
The r e s u l t s  f o r  fo rw ard  s c a t t e r e d  alum inium  a re  shown in
F ig u re  A3*4 and th e  b a c k s c a t te r e d  oxygen r e s u l t s  a re  seen  i n  F ig u re  A3*5*
I t  can be seen  t h a t  th e  b a c k s c a t te r e d  oxygen dose in c re a s e s  to  a s a tu r a t io n
.*b ■ -2.
v a lu e  o f  a round  3*4 x  10 atom s cm f o r  in c id e n t  argon  d o ses  i n  ex ce ss  o f  
i£>
2 x 10 io n s  cm . T h is  b e h a v io u r  i s  q u a l i t a t i v e l y  f o r e c a s t  by  th e  p r e s e n t  
theo ry*
The fo rw ard  s c a t t e r in g  r e s u l t s  a re  few er and c o n ta in  p o o r s t a t i s t i c s  
b u t do a llo w  e s tim a te  o f  th e  r a t i o  x/^  f o r  lov/ d o s e s .
To o b ta in  com parison  w ith  th e  th e o ry  some c o n s ta n ts  need  c a l c u la t in g  
o r  e s t im a t in g .  The c o n s ta n t  ^  i s  s im p le  to  d e r iv e  from  LSS th e o ry  and f o r
80 keV Ar"*" in  500 % A1 i s  found to  be 0 . / 6 ,  E s tim a te s  o f  X v a lu e s  a re  more
d i f f i c u l t  b u t  f o r  th e  p r e s e n t  s tu d ie s  e s t im a te s  have been made by assum ing 
^ e q u a l to  th e  range  o f  a s tru c k  atom p o s se s s in g  th e  maximum p o s s ib le  r e c o i l  
energy  ( S r ) .  F o r  th e  X , v a lu e s
X, = \ \  > 300 I  = t
The mean energy  o f  an Ar io n  beam i n i t i a l l y  a t  80 keV i s  30 keV a f t e r  t r a v e r s ­
in g  a 500 % alum inium  f i lm  t h i s  le a d s  to  X2 v a lu e s  o f
\  -  K  200 ji3L *
By in s e r t i n g  th e  r e le v a n t  v a lu e s  o f  X in t o  e q u a tio n  A3«9 an<3-
, x ,
n o rm a lis in g  a t  9 ~  10 and $ ^  ^  e s t im a te s  o f  and o*^  ha/ve been
c a lc u la te d
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= 6,5 x 10 cm
i ,X l7= 2.5 x 10 cm
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Figure F‘34  Variation o f  recoil im plan led  
aluminium in Si 09 a n d  pol\flhen€ kJiih
% , “p  j
Incident fir ion close. • s,oz j  polylhene.
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T hese v a lu e s  a re  somewhat l e s s  th a n  an atom ic c ro s s  s e c t io n  
-  Ik z
10 cm ) h u t  g r e a t e r  th a n  ty p i c a l  c a l c u la te d  v a lu e s  t h a t  a re  around
-17 *
0 ,5 -1  x  10 cm and Thompson (1970 p r iv a t e  com m unication) h a s  ex p re sse d  
th e  view  t h a t  th e y  a r e  o f  th e  r i g h t  o rd e r .
I t  i s  o n ly  p o s s ib le  to  e s t im a te  from th e  A l/S iO z , p o ly th e n e
r e s u l t s  o f  F ig u re  A3*5 h as  a  v a lu e  b e t  ween
- t r  2.
~  0, 67- 1, A x 10 cm
N e lso n 1s ( 1969) th e o ry  may be a p p l ie d  to  low dose  im p la n ta t io n s  and 
by c a lc u la t in g  k  and i n s e r t i n g  a  v a lu e  f o r  i t  i s  p o s s ib le  to  d e r iv e  E^y, ,
th e -e n e rg y  r e q u ir e d  by an atom to  c ro s s  th e  f i l m / s u b s t r a t e  i n t e r f a c e .  A c tu a l 
v a lu e s  o f  E min a re  u n c e r ta in  b u t  i t  i s  su g g es ted  t h a t  th e y  sh o u ld  n o t  be  to o  
f a r  removed from  atom ic d isp la c e m e n t e n e rg ie s  ( c i r c  15-30 eV) N e lso n  (1970 
p r i v a t e  com m unications) su g g e s ts  v a lu e s  o f  betw een 30 and  50 eV,
I n s e r t in g  low dose v a lu e s  from f ig u r e s  A 3.4 and A3*5 we f in d
E m.(, ( oxysen) ~  27 eV 
(A1) ~ 3 4 e V
These v a lu e s  a re  q u i te  c lo s e  to  th e  e s t im a te s  g iv e n  above and i t
a p p e a rs  t h a t  N elson*s (19&9) th e o ry  can p r e d ic t  im p lan ted  f lu x  v a lu e s  o f  th e
r i g h t  o rd e r  f o r  low p r o j e c t i l e  d o ses  i f  E l e v e l s  around  a to m ic  d isp la c e m e n t
v a lu e s  a re  i n s e r t e d .
From th e  e x p e rim e n ta l r e s u l t s  above and th e  t h e o r e t i c a l  e s t im a te s  o f
X e t c ,  i t  i s  p o s s ib le  to  e s t im a te  th e  d e n s i ty  o f r e c o i l s  needed  to  s i g n i f i c a n t l y
enhance th e  ad h es io n  o f a t h in  f i lm . F o r  exam ple, on a  w e ll  c le a n e d  s u b s t r a t e
J5 - ‘2-
i t  was found t h a t  6 x 10 argon  io n s  cm in c re a s e d  th e  r e s i s t a n c e  to  
s c ra tc h in g  by over an o rd e r  o f  m ag n itu d e . Now' from f ig u r e  A3*4 i t  can be  seen
I85
INCIDENT Ar  1 o n  0 o s €  Cm
fji^UrE R-3'5 lorialion o f  hoc kscatiered 
OXy(j £n from $iOz into a!am inium M M 
incident flr^ ton dose
\8 G
■ f  , s  ~ x  1(3 - 7 -
t h a t  an Ar dose o f  6 x  10 cm v d .ll cau se  ~ 1 0  cm alum inium  atom s
—  (d
to  be r e c o i l  im p lan ted  to  a d e p th  e s t im a te d  a t  2 x  10 cm0 So th e  atom ic
!U -3
d e n s i ty  o f r e c o i le d  im p u r i t i e s  i s  ^  5 x  10 cm * S im i la r ly  i t  can  b e
Vo
seen  t h a t  abou t 2 x  10 oxygen atom s w i l l  be b a c k s c a t te r e d  th ro u g h o u t th e  
5 x 1 0  cm f i lm  g iv in g  a b a c k s c a t te r e d  oxygen d e n s i ty  o f  ~  A x  10 cm •
I t  can be  seen  th e n  t h a t  th e  1 im p u rity *  d e n s i t i e s  f o r  much enhanced 
ad h es io n  a re  h ig h , in  f a c t  up to  some te n s  o f  p e r  c e n t o f  th e  h o s ts  a tom ic 
d e n s ity  so i t  i s  n o t s u r p r is in g  t h a t  an i n t e r l a y e r  o f  complex m a te r ia l  i s  
b u i l t  up betw een th e  f i lm  and s u b s tra te *
The work in  t h i s  A ppendix d e m o n stra te s  how io n  im p la n ta t io n  can  be 
u sed  to  *dope* to  h ig h  c o n c e n tra t io n s  and p roduce s i g n i f i c a n t  changes in  
m a te r ia l  s t r u c tu re *
A3*6 T e c h n o lo g ic a l A p p lic a tio n s
S in ce  th e  e a r ly  alum inium  f i lm  ad h es io n  ex p erim en ts  o th e r  f i lm s  and 
s u b s t r a te s  have been in v e s t ig a t e d  in  th e  w r i te r * s  la b o ra to ry *  The p e r t i n e n t  
e f f e c t s  a re  sum m arised i n  T ab le  A3*1*
T ab le  A3*1 
Summary o f  F u r th e r  A dhesion
C ondensate S u b s t r a te : - Io n /E n erg y Remarks
N i
S i 0 2.
4
Ar . 
80-100 keV
V ery  h ig h  a d h e s io n , p o s s ib le  to  
s o f t  s o ld e r  to  f i lm s  to  make 
e l e c t r i c a l  c o n ta c t*  A lso  a b le  
to  e l e c t r o l e s s  p l a t e  on to  th i n  
f i lm .
N i C orning 7059
4
Ar
80-100 keV
V ery h ig h  a d h e s io n , p o s s ib le  to  
s o f t  s o ld e r  to  f i lm s  to  make 
e l e c t r i c a l  c o n ta c t*  A lso  a b le  
to  e l e c t r o l e s s  p l a t e  on to  t h i n  
f i lm .
Au SiO,z.
4
Ar
80-100 keV
S l ig h t  in c re a s e  in  a d h e s io n . 
Bombarded f i lm  w i l l  n o t  s t r i p  
w ith  c e l lo ta p e .  Unbombarded f ilm s  
w i l l  |
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Table A3.1 (Cont)
C ondensate S u b s tr a te
11 i
Io n /E n erg y Remarks
Au C om ing  7059 A r+ 
80-100 keV
S l ig h t  in c r e a s e  i n  a d h e s io n . 
Bombarded f i lm  w i l l  n o t s t r i p  
w ith  c e l l o t a p e 0 Unbombarded f i lm s  
w i l l
A l, Au, Ni A1i° 3 A r+ 80-100 keV
As above b u t a d h e s io n  seems even 
g r e a t e r .  Y/ork i s  c o n t in u in g .
A l, Au, Ni P o ly th e n e A r4 
80-100 keV
No e f f e c t .
A l, Au, N i M ylqr A r+ 
80-100 keV
Bombardment o f te n  weakens 
a d h e s io n .
F u r th e r  work i s  now in  p ro g re s s  a t  Edwards H igh Vacuum C e n tr a l
r e s e a r c h  la b o r a to r i e s  w ith  a view  to  im proving  th e  a d h e s io n  o f  o p t i c a l  
c o a t in g s .
R egard ing  th e  p ro c e s s  o f  in te r c o n n e c t io n  fo rm a tio n , L E C o ll in s  
(1 970 p r iv a t e  com m unication) h a s  shown th a t  v e ry  narrow  and h ig h ly  a d h es iv e  
alum inium  l i n e s  p roduced  by r e c o i l  in p l a n ta t io n  can he made to  rem ain  on a 
s u b s t r a te  a f t e r  the- r e s t  o f  th e  f i lm  h a s  been  removed by e i t h e r  m e ch an ic a l 
s t r ip p in g  o r  rem oval in  a w eakly  acid ic  s o lu t io n .  I t  would a p p e a r  t h e r e f o r e ,  
t h a t  r e c o i l  atom im p la n ta t io n  is a p p l ic a b le  to  in te r c o n n e c t io n  p a t t e r n  
t r a c in g .  The io n  o p t i c a l  p roblem s a re  n o t so se v e re  a s  in  th e  low energy  
c a se  and th e  p ro c e s s  co u ld  f i t  e a s i l y  in to  c o n v e n tio n a l io n  im p la n ta t io n  
f a c i l i t i e s .  F u rth e rm o re  0 , C o n n e lll s (1970) work shows t h a t  alum inium  f i lm s  
when bombarded w ith  oxygen can be c o n v e rte d  in t o  f a i r l y  s t a b l e  r e s i s t a n c e s  
o f  betw een a few ohms to  a few hundred  k ilo h m s. By program m ing th e  io n  dose  
a s  w e ll  a s  p o s i t io n  and by u s in g  oxygen a s  th e  p r o j e c t i l e  io n  i t  sho u ld  b e  
p o s s ib le  to  c o n s tr u c t  com plete  c i r c u i t s  c o n ta in in g  r e s i s t o r s  and c o n n e c to rs .
I8&
A3.7 C onclusions
R e c o il  atom im p la n ta t io n  h as  been d em o n stra ted  a s  a p o w erfu l method 
o f  enhancing  th e  a d h e s io n  o f  t h in  f i lm s .  The th e o ry  d e v ise d  d u r in g  t h i s  
v/ork g iv e s  re a s o n a b ly  c o r r e c t  o rd e r  v a lu e s  o f  s c a t t e r in g  c ro s s  s e c t io n  and 
p r e d ic t s  th e  q u a l i t a t i v e  b e h a v io u r  o f  th e  p ro c e s s .
The te c h n o lo g ic a l  a p p l ic a t io n s  o f  th e  p ro c e s s  c o u ld  be  m a n ifo ld  
ra n g in g  from  im proving  th e  d u r a b i l i t y  o f o p t i c a l  and d e c o r a t iv e  f i lm s  to  
c i r c u i t  c o n s t r u c t io n .  The p ro c e s s  sh o u ld  b e  ex tended  to  a s  v/ide a  v a r i e t y  
o f  co n d e n sa te s  and s u b s t r a te s  a s  p o s s ib le .
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PUBLICATIONS
1 . P u b l ic a t io n s  d i r e c t l y  a r i s i n g  from work d e s c r ib e d  in  T h e s is
(a )  Some p r o p e r t i e s  o f  a  s im ple  v ib r a t in g  c o n ta c t  a rc  io n  so u rce  
J  Phys (E) (1969) 2 ( 2) W 2
(b ) Com parison o f  some r e c e n t  th e o r i e s  co n ce rn in g  t h i n  f i lm  
n u c le a t io n
T hin  s o l id  f i lm s  /j. (1 9&9) ^43
(c )  Y/ith L E C o l l in s  and J  G P e rk in s
E f f e c t  o f  io n  bombardment on th e  a d h es io n  o f  th i n  alum inium  f i lm s  
on g la s s
T hin  s o l id  f i lm s  (19&9) 41
(d) W ith L E C o l l in s ,  P A O’C o n n e ll,  J  & P e rk in s  and E R P o n te t t  
E f f e c t s  o f  io n  bombardment and im p la n ta t io n  on t h i n  f ilm sa n d  s u r f a c e s  
(C onf on u s e s  o f  io n  a c c e l e r a to r s ,  Borough P o ly  London,May 1970)
To be p u b lis h e d  i n  Nuc I n s t  and M ethods
(e )  W ith L E C o l l in s ,  J  G- P e rk in s  and K & S tephens 
The doping  o f t h in  f i lm s  by r e c o i l  atom im p la n ta t io n  
P ro c , E uropean  Conf on io n  im p la n ta t io n  (*1970) 116
( f )  N u c le a tio n  and c r i t i c a l  c o n d e n sa tio n  phenomena o f  s i l v e r  on 
s i l i c o n  ox ide
A ccepted  f o r  p u b l i c a t io n  J  Phys C
(g ) In  p r e p a r a t io n
P r e f e r e n t i a l  t h in  f i lm  d e p o s i t io n  in d u ced  by io n  i m p l a n t a t i o n .
2* P u b l ic a t io n s  n o t d i r e c t l y  a r i s i n g  from work d e s c r ib e d  i n  T h e s is  b u t
w ith in  s im i la r  d i s c i p l in e
(a ) W ith J  G P e rk in s
T hin  f i lm  cerm et s t r u c tu r e s  form ed by  io n  bombardment 
 ^ AWRE R ept 0 9 /7 0
(b) Vfith J  G P e rk in s
C onduction  p r o p e r t i e s  o f  m e ta l/m e ta l  o x ide  t h i n  f i lm s  p ro d u ced  by 
io n  im p la n ta tio n
P roc I n t  Cong on th i n  f i lm s  (1970) C annes, 323
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